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This thesis investigates the functional interfaces in organic solar cells 
(OSCs). These interfaces are of great importance in controlling the key 
processes in OSCs such as the photocurrent generation, transport and 
extraction of photo-excited charge carriers. The electronic structure and the 
molecular orientation of three model systems in inverted OSC structures are 
carefully examined mainly by ultraviolet photoelectron spectroscopy (UPS) 
and near-edge X-ray absorption fine structure (NEXAFS) spectroscopy. In 
each study, the model device fabrication and characterization provide the 
information to correlate the interface properties with the device performance. 
These results could be helpful for the understandings of the relationship 
between interface properties and the device performance of OSCs. The 
interfacial engineering approaches presented could also provide implications 
for the design of OSC materials and devices.  
Firstly, the donor-acceptor interface is investigated by employing 
chloroaluminium phthalocyanine (ClAlPc)/fullerene (C60) heterojunction as a 
model system. The lying configuration and the red-shifted absorption of 
ClAlPc are observed, benefiting the charge transport and light absorption in 
the corresponding ClAlPc/C60 based device. The strong dipole-dipole 
interaction between ClAlPc molecules is believed to cause molecular 
aggregation, which can facilitate the lying configuration and bandgap 
x 
 
narrowing. The large ionization potential of ClAlPc leading to a deep lying 
highest occupied molecular orbital (HOMO) at the heterojunction interface 
also results in a relatively large open circuit voltage in a model inverted solar 
cell device. 
Secondly, chemical-vapor-deposited (CVD) graphene modified 
copper-hexadecafluoro-phthalocyanine (F16CuPc)/copper phthalocyanine 
(CuPc) heterojunction demonstrates that CVD graphene could be an effective 
interfacial layer to engineer the donor-acceptor heterojunction. The 
F16CuPc/CuPc heterojunction undergoes an obvious orientation transition 
from a standing configuration on the bare ITO electrode to a less standing 
configuration on the CVD graphene modified ITO electrode. Besides, better 
aligned energy levels can be observed for the heterojunction on CVD 
graphene modified ITO electrode.  
  Finally, we investigate the electron extraction mechanism of an efficient 
cathode interfacial layer 
poly[9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9–
dioctylfluorene)] (PFN). Significant charge transfer between PFN modified 
ITO electrode and C60 is observed due to the low work function of PFN. This 
results in the Fermi level of the substrate pinned very close to the lowest 
unoccupied molecular orbital (LUMO) of C60 as well as an additional electric 
field at the cathode/acceptor interface. Both the Fermi level pinning and the 
additional interface electric field facilitate the electron extraction from the 
xi 
 
acceptor C60 to the ITO cathode, as confirmed by the electrical measurements 
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Chapter 1 Introduction 
Solar cell, which can convert the sunlight into electricity directly, is a 
promising solution to the energy crisis.6,7 In recent years, organic solar cells 
(OSCs) have drawn significant interest as a new type of solar cells. OSCs 
show great promise for photon-to-electricity energy conversion in terms of 
lightweight, flexible, easily manufactured, low cost and versatile choices of 
materials.8-10 Due to the efforts of recent research, the efficiency of OSCs has 
boosted up towards ~10% since 2010.8,11-13 Despite the fast-paced 
development of OSCs, some of the fundamental problems in OSCs are still in 
debate or less investigated. Among the fundamental research in OSCs, the 
interfaces between different functional materials are recognized to play a key 
role for device function and efficiency. To better improve OSCs to utilize solar 
energy more effectively, a better understanding of OSCs and their functional 
interfaces are very important.  
 
1.1 Organic Solar Cells 
Ever since 1986 when Tang14 firstly reported the efficient photocurrent 
generation, employing a vacuum deposited copper phthalocyanine 
(CuPc)/perylene derivative donor/acceptor bilayer device, the research in 
OSCs has always been a hot topic. Numerous follow-up studies have resulted 
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in a fairly good understanding of the mechanisms in OSCs overall. To get an 
insight into OSCs, a basic understanding of the photovoltaic mechanism, the 
commonly used materials and device configurations is necessary.  
 
1.1.1 Working Mechanism of Organic Solar Cells 
As shown in Figure 1.1, a typical five-step mechanism leading to the 
photon-induced charge carrier generation and final collection of charges in a 
simple bilayer device is displayed. Two organic semiconductor materials with 
electron-accepting and electron-donating properties are sandwiched between 
anode and cathode, which usually exhibit different work function (WF). In 
process 1, bound electron-hole pairs (excitons) are generated within either of 
the organic layers by light absorption. The energy of the light should be more 
than the bandgap to excite the electrons. In process 2, the excitons diffuse to 
the donor/acceptor interface where they have larger probability than in the 
single material to dissociate into a positive and a negative polaron (mobile 
charge carrier). Process 3 is the above-mentioned exciton dissociation, which 
results in electron transfer from the donor to the acceptor with hole remains in 
the donor. The energy level offset between the donor material and acceptor 
material facilitates the exciton dissociation. After that, the newly generated 
charge carriers can be transported to the respective electrodes, which 
corresponds to process 4. The last process 5 is charge carrier being extracted 
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by the electrodes.15 Nowadays, on basis of the simple bilayer structure, the 
modern typical OSC device structure usually includes additional interfacial 
layers, on either side of the active layer to help extract and collect charges to 
the electrode.16-18  
 
Figure 1.1 Schematic of the five-step working principle of a typical OSC device. 
 
1.1.2 Commonly Used Materials in Organic Solar Cells 
In this section, we mainly discuss about the most commonly used active 
materials and the interfacial layers in OSCs. For the active materials, there are 
two major classes of organic semiconductors currently: the small molecules 
and the-conjugated polymers. According to their role in the active layer, they 




Figure 1.2 Schematic drawings showing the molecular structures of porphyrin, 
metal-free phthalocyanine and metal phthalocyanine.   
To start with the small molecular donor materials, phthalocyanines are the 
typical ones to be introduced which are also chosen as the model donor 
materials in this thesis. As shown in Figure 1.2, phthalocyanines are highly 
aromatic 18--electron planar macrocycles and can be regarded as four 
isoindole units connected together with 1,3-aza linkage. They are structurally 
related to porphyrins, in which methine bridges are replaced by azamethine 
bridges with nitrogen atoms. The metal phthlocyanines, which originate from 
the replacement of the two protons in the molecule cavity with a metal ion, are 
widely used in OSCs.19 CuPc and zinc phthlocyanine (ZnPc) are the most 
commonly used materials in phthlocyanine-based OSCs. Phthalocyanines have 
been mass-produced in relatively high yields for many years and known to be 
one of the most robust organic compounds with excellent thermal and 
chemical stability.20 The properties of phthalocyanines make them suitable to 
be used as active layer materials in OSCs. Firstly, phthalocyanines have strong 
visible light absorption within the solar radiation range, benefiting efficient 
photocurrent generation. Secondly, their extensive conjugated  systems can 
effectively contribute to the charge transfer and transport of photo-induced 
5 
 
charge carriers. Thirdly, phthalocyanine compounds can form close stacking 
that permits strong electronic coupling between each molecule, thereby partly 
contributing to the enhanced exciton diffusion length. Compared to their 
analogue porphyrins, phthalocyanines have wider absorption range, larger 
exciton diffusion length and higher hole mobility.20-28 For CuPc, the mobility 
has been found to be 2 x  10-5 to 5 x  10-4 cm2/(V s) in the charge transport 
direction which is perpendicular to the device substrate.19 
For the polymer donor materials, 
poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV) was 
the earliest polymer reported to be used in OSCs.29-33 Yu et al. reported high 
efficiency OSC with a bicontinuous network of donor/acceptor heterojunction 
comprising MEH-PPV/PCBM. The carrier collection efficiency reached to 90% 
electron per photon at 10 W/cm2 and was about 29 percent higher than 
device made with pure MEH-PPV.34 This work opened up a new era for using 
polymer materials in solar energy conversion.8 Later on, in the 2000s, 
polythiophenes have become a benchmark polymer for OSCs, especially poly 
(3-hexylthiophene) (P3HT). Their higher mobility35 and the 4-5% efficiency 
have drawn worldwide interest.36 More recently, many low-bandgap polymers 
have been developed to achieve high performance 
OSCs. Poly[N -9′-hepta-decanyl-2,7-carbazole-alt-5,5-(4′,7′-di-2-thienyl-2′,1′,




oro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7)38 (PCE 7~ 
9%) are the representatives of the novel highly efficient polymers.52, 234, 235, 
258-262 
In terms of acceptor materials, fullerenes such as C60 and C70 are most 
commonly used in OSCs. Fullerenes are carbon allotropes with aromatic, 
cage-like and spherical structures. They have excellent electron mobility 
(10-2-10-1 cm2/(V s))39 which is extremely valuable for the use as acceptors in 
OSCs. In addition, the spherical shape is also beneficial for fullerenes to 
accept electrons. Firstly, fullerenes would have small reorganization energies 
upon electron transfer, thanks to their robust spherical geometry which 
exhibits relatively small changes in structure and solvation. Secondly, 
fullerene can accept or transfer electrons from any direction due to the 
spherical anisotropy.40 In the device fabrication, the fullerenes are usually 
vacuum-deposited onto the substrates, since the fullerene cages tend to 
aggregate and the observed solubility is rather low. To develop 
solution-processed OSC devices, fullerene derivatives with organic 
solubilizing groups are synthesized. [6,6]-phenyl-C61-butyric acid methyl ester 
(PCBM) and its C70 analogue PC71BM are representatives of fullerene 
derivatives which are widely used as acceptors in solution-processed OSC 
devices, especially when integrating with the polymer donors.19,41,42 
When choosing the active layer materials (including donors and acceptors) 
in OSCs, one should take into the consideration of their important 
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characteristics such as charge carrier mobility, exciton diffusion length, thin 
film morphology including crystallinity and packing structure, frontier energy 
level alignment (ELA), bandgap and absorption coefficient. Besides, the 
ambient stability, thermal stability and interfacial robustness can also affect 
device performance and stability.  
Apart from the active layer materials, interfacial layers are worth 
mentioning due to their important roles to extract and transport charges to the 
electrodes. The main functions of the interfacial layer include: (1) 
minimization of the energy barrier for charge injection and extraction; (2) 
formation of a selective contact for single types of charge carriers; (3) 
determination of the relative polarity of the devices; (4) modification of the 
surface property to alter film morphology; (5) suppression of a chemical or 
physical reaction between the active layer and the electrode, and (6) 
modulation of the optical field as an optical spacer.17 For the cathode 
interlayers, low WF and efficient electron extraction are the general 
requirement. Alkali metal compounds (including LiF, CsF, Cs2O3)32,43-49, high 
electron mobility metal oxides (including TiO2 and ZnO)50-54, wide bandgap 
organic materials (including BCP and Bphen)55-57 as well as low WF 
self-assembled monolayers (SAMs)58,59 are the most common materials. 
Chapter 5 will give more information on these materials. In contrast, at the 
anode side, high WF and efficient hole extraction are the basic criteria for 
choosing interfacial layers. Transition metal oxides (including MoO3, V2O5 
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and WO3), poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS), high WF SAMs are the most common anode interfacial 
layers.16,59-61 
 
1.1.3 Device Configuration of Organic Solar Cells 
As stated above, the general structure of OSC includes a transparent 
electrode on a transparent substrate, a light-absorbing organic active layer and 
a counter-electrode with additional interfacial layers on either side of the 
active layer. Indium tin oxide (ITO) is the most standard transparent electrode, 
usually on a transparent substrate like glass. Nowadays, ITO on the flexible 
substrates such as polyethylene terephthalate (PET) are also extensively 
developed and used in OSCs that can achieve comparable performance as 
those with ITO/glass as the transparent electrode.62,63 Besides, other flexible 
electrodes such as graphene electrode,64-66 carbon nanotube electrode67,68 and 
metal or metal nanowire electrode69,70 are extensively developed as substitutes 
of the ITO electrode. 
 




Figure 1.3 shows the commonly used two device structures of OSCs. In the 
conventional configuration (Figure 1.3 (a)), the transparent electrode is usually 
used as the bottom anode. The active layer is deposited on the bottom 
electrode which is usually modified with a high WF interfacial layer. In the 
planar heterojunction, in which the active layer is composed of a bilayer 
structure of the donor material and the acceptor material, the donor is usually 
close to the bottom electrode. Finally, after an interfacial layer being deposited 
to block excitons, the top electrode is deposited to complete the fabrication of 
the device. Since the WF of the metal electrode is required to match the lowest 
unoccupied molecular orbital (LUMO) of the acceptor-type organic 
semiconductors, the low WF metals such as aluminum or calcium are 
favorable to be the top electrode. However, they are not very stable as the top 
electrodes due to the sensitivity to oxygen and moisture in the air.  
In an inverted OSC structure (Figure 1.3 (b)), the transparent electrode is 
used as the cathode. The active layer is deposited on the cathode with the 
earlier deposition of an interfacial layer which usually has low WF or high 
electron mobility. In the planar heterojunction, the acceptor layer is close to 
the bottom electrode. In the bulk heterojunction, the spontaneous vertical 
phase separation can also cause the accumulation of the acceptor material on 
the bottom, such as the P3HT:PCBM system on PEDOT:PSS.71 At last, high 
WF electrode is deposited on top with the earlier deposition of anode 
interfacial layer. Metals like silver or gold are favorable to be the top anode 
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since their high WF matches the highest occupied molecular orbitals (HOMO) 
of the donor material. The inverted OSC structure has largely improved 
stability and prolonged lifetime under working conditions than the 
conventional structure due to the air-stable high WF metal anode on top. 
Additionally, it has the ability to easily integrate into the roll-to-roll large scale 
solution processing.72,73 
 
1.2 Interface Investigation in Organic Solar Cells 
The performance of OSC is not only depending on the bulk properties of the 
constituent materials but also on interface properties of various interfaces 
existing in the device.11,74 As a result, interface investigation in OSC is of great 
importance.15,18,75 The interface properties of OSC mainly comprise interfacial 
ELA, morphology, molecular orientation and the space charge 
characteristics.3,76 The most important interface in OSC is the donor/acceptor 
interface, on which the exciton is dissociated into electron and hole.77 At the 
same time, the interfaces at electrode/interfacial layer as well as interfacial 
layer /active layer also have significant importance on charge extraction. 
Proper energy level offset and hence the proper space charge characteristic 
are the prerequisite for effective exciton dissociation at the donor/acceptor 
interface.78,79 It also strongly affects charge extraction at the interfacial 
layer/active layer interface and the electrode/interfacial layer interface. 
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Meanwhile, molecular orientation and morphology play an important role in 
charge transport to the respective electrode.80,81 The subsequent sections will 
provide an introduction and literature review on interface investigation in 
OSCs, especially focusing on interfacial ELA and molecular orientation. 
 
1.2.1 Energy level alignment in Organic Solar Cells  
As stated above, ELA is important in determining exciton dissociation at the 
donor/acceptor interface and controlling charge extraction and transport at the 
interface incorporating interfacial layers. In inorganic semiconductors, Band 
Theory provides us a way to examine the ELA. When discussing about the 
photoexcitation and charge flow process in solar cells, the conduction band 
(CB) and the valence band (VB) are the most important energy levels. The 
Fermi level (EF) is also worthy to be mentioned in evaluating ELA, which can 
be considered as a hypothetical energy level where an electron has a 50% 
probability of being occupied at any given time. However, organic 
semiconductors are quite different from inorganic semiconductors in 
electronic structures. From a rough view, it is commonly accepted that the 
frontier orbitals - HOMO and LUMO can be used comparable to VB and CB 
in inorganic semiconductors when discussing the photoexcitation and charge 
flow process in OSCs. To better investigate the ELA in OSCs, a basic 
understanding of the electronic structure of organic materials are necessary.  
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Figure 1.4 (a) shows the electronic structure of a hydrogen atom, which 
represents the simplest monatomic system. Various atomic orbitals (AOs) are 
formed in the Coulombic potential well by the atomic nucleus such as 1s, 2s, 
2p, 3s, 3p, 3d, with an electron occupying the lowest 1s orbital. The horizontal 
part of the potential well is the vacuum level (Evac), above which the electron 
can escape from the atom.1 When monatomic system extends into polyatomic 
system, which can represent a polyatomic molecule or a single polymer chain, 
the potential wells of the nuclei are merged in the upper part to form a broad 
well, as shown in Figure 1.4 (b). The upper AOs interact with each other to 
form delocalized molecular orbitals (MOs) with the outermost horizontal part 
of the potential well being the vacuum level.1 The common feature of organic 
semiconductors is the bonding scheme of alternating single and double 
carbon-carbon bonds, that is, conjugation. The conjugation is a result of 
sp2-hybridized carbon atoms which yields three covalent -bonds and one 
-bond. The -bonds originate from the pz orbital overlapping along the 
conjugation path, which induces states that are delocalized over the molecule 
or the polymer chain. The HOMO and LUMO are generally derived from 
occupied -bonding orbitals and unoccupied *-antibonding orbitals 
respectively.78 The energy difference between the HOMO or LUMO and the 
VL is the gas phase ionization potential (IP) or electron affinity (EA). Figure 
1.4 (c) shows the electronic structure of an organic solid when molecules or 
polymer chains come together. The energy levels become closely spaced as the 
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delocalization length increases, resulting in the ‘band” structure somewhat 
similar to that observed in inorganic solid-state semiconductors. However, it 
should be pointed out that the validity of the usual band theory which assumes 
itinerant electrons as in inorganic semiconductor is often limited since the 
HOMO and LUMO are usually localized on individual molecule or polymer, 
with narrow intermolecular band width of <0.1 eV.1,77,78,82 The values of IP 
and EA are different from those of an isolated molecule due to a 
multielectronic effect. The electronic polarization in the molecules 
surrounding the ionized molecule stabilizes the ion (polarization energies P+ 
and P- for the hole and the electron, respectively), leading to a lowering of the 
IP and an increase in EA from those in the gas phase.1 
 
Figure 1.4 Electronic structure represented with potential wells: (a) hydrogen atom, (b) 
poly-atomic molecule, (c) organic solid. Adapted from ref. 1, with permission from 
WILEY-VCH Verlag GmbH. Copyright 1999. (d) Schematic energy level diagram of a 
typical n-type organic semiconductor with important energy level parameters indicated, 
which can be regarded as the simplified situation of an organic solid.   
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Figure 1.4 (d) shows energy level diagram of a typical n-type organic 
semiconductor with important energy level parameters indicated, which can be 
regarded as the simplified situation of Figure 1.4 (c). Since the electrons fill 
the energy levels following the Fermi statistics, the concept of the Fermi level 
is also valid in organic semiconductors. The WF is thus defined as the energy 
difference between the vacuum level and the Fermi level. The hole-injection 
barrier (HIB) or electron-injection barrier (EIB) is the energy difference 
between the sample Fermi level and the HOMO or the LUMO respectively.  
 
Figure 1.5 Absorbance spectra for films of CuPc and two phases of TiOPc as compared 
to the AM 1.5G solar spectrum. Figure reprinted from ref. 2, with permission from 
American Chemical Society. Copyright 2008. 
For the donor/acceptor interface, the first step of the OSC working 
mechanism is light absorption. As a fundamental requirement of the active 
material, the bandgap should match the solar radiation spectrum. In measuring 
the efficiency of OSC, the AM 1.5G spectrum has been adopted as the 
standard spectrum, which will be discussed in detail in Chapter 2. As shown in 
Figure 1.5, more than 60% of the total solar energy is in the wavelength region 
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above 600 nm. This indicates that the optical bandgap of the active material in 
OSC should be below 2.0 eV. Thus for real applications, the active material 
which possesses a relatively low optical bandgap (1.2-1.9 eV) is favorable 
since they have strong optical absorption in the solar spectral range.83 As 
Figure 1.5 shown, the peak absorbance of titanyl phthalocyanine (TiOPc) film 
is red shifted from that of the CuPc film, which has better overlap with the AM 
1.5G solar spectrum compared to the CuPc films and may contribute to a 
higher photocurrent.2 Many efforts have been made in the development of 
efficient polymers with appropriately low bandgap to match the solar radiation 
spectrum better and achieve broad solar energy harvesting.84-87 However, the 
light absorption of the common OSCs is still far from being optimized and the 
“photon loss” problem is still very common.  
 
Figure 1.6 Schematic views of relevant frontier orbital energies in donor/acceptor 
heterojunction used in OSCs and their correlation to the OSC device performance. 
After the light absorption, the charge separation is the most important 
process in OSC that would lead to free charge carriers. As shown in Figure 1.6, 
the most intuitive expression of the effect of ELA on charge separation can be 
expressed as follows:  
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1. Open-circuit voltage under illumination, VOC, is controlled by the energy 
offset between the HOMO of the donor and the LUMO of the acceptor (EHOMO, 
D-ELUMO, A). 
2. Short-circuit current density under illumination, JSC, is controlled by the 
energy offset between the LUMO or HOMO of the donor and the acceptor 
(ELUMO, D-ELUMO, A or EHOMO, D-EHOMO, A). 
Scharber et al.88 carefully studied a series of OSC devices including 26 
polymer donor materials with different HOMO levels blended with a common 
acceptor, and proposed an empirical equation to express VOC: 
, ,(1 / )( ) 0.3HOMO D LUMO AVoc q E E V   . Here q is elementary charge. It 
should be noted that the VOC loss of 0.3 eV from the exciton binding energy 
was empirical, which could be greater or less. Their finding provided a facile 
way to estimate the VOC in different material systems. Rand et al. also reported 
that the maximum value of VOC was related to the donor HOMO and the 
acceptor LUMO, as well as the binding energy of the exciton.89 To address the 
combined effect of the electrode WF and the energy levels of the donor and 
the acceptor on VOC, Lee et al.49 extended this research and reported that only 
the maximum possible VOC was determined by the HOMOD-LUMOA offset 
model minus the exciton binding energy, and within its maximum the VOC 
varied linearly with the WF difference of the electrodes. These studies have 
paved the way for designing high performance OSC devices with high VOC by 
maximizing HOMOD-LUMOA of the active layer. To obtain large 
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HOMOD-LUMOA, deeply located HOMO level of the donor material is 
desirable.  
In terms of the JSC, it is found that the energy offset between the LUMO 
energy levels of the donor and the acceptor should be large enough to provide 
a spontaneous electron flow from the LUMO of the donor to the LUMO of the 
acceptor to drive efficient charge separation. However, if the LUMO of the 
acceptor is too low, the energy loss would be significant with the sacrifice of 
the VOC. Thus, a well-controlled LUMO offset between the donor and the 
acceptor is essential to ensure efficient charge separation without much energy 
loss.89 
Inspired by these studies, intensive research efforts have been devoted to 
developing high performance OSC devices accordingly.90‐92 For example, Yang 
et al.93 modified the PBDTTT-based polymer by introducing the ketone group 
in place of the ester group to obtain a donor material with deeply located 
HOMO (5.12 eV) and achieved a VOC of 0.70 V and an efficiency of 6.58%. 
Leclerc et al.83 reported an alternating copolymer PDTSTPS with a low 
bandgap (1.73 eV) and a deep HOMO level (5.57 eV) to be the donor material 
and achieved the VOC of 0.88 V and a high efficiency of 7.3%. 
Apart from light absorption and charge separation at the donor/acceptor 
interface, the charge extraction and collection at the electrode is an 
indispensable step for the flow of photocurrent. As mentioned previously, the 
interfacial layer is usually used to modify the electrodes and plays a variety of 
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functions in the devices. Thus the interface incorporating interfacial layer 
(including electrode/interfacial layer interface, interfacial layer/donor interface, 
and interfacial layer/acceptor interface) is essential for charge extraction and 
collection. From the view of ELA, most researchers have proposed that the 
ideal interfacial layer should provide ohmic contact between the electrode and 
the donor (acceptor) material, block the undesirable charge carrier or exciton 
and facilitate charge transport.16,17,60 
For the mechanism of ELA at the interface between organic molecule and 
substrate, it is commonly believed that certain gap-states located within the 
bandgap of the organic conjugated material play the crucial role.10, 72, 90-91 
Herein the substrates exclude metal that will involve strong interaction and 
refer to organic materials and metal oxides. Although the origin of the gap 
states are now under debating, interface energetic regimes between organic 
molecule and substrate can be generally summarized into two categories: 
vacuum level alignment (Figure 1.7 (b)) or Fermi level pinning (Figure 1.7 (a) 
and (c)). When the WF of the substrate falls between the critical occupied and 
unoccupied gap states, charge transfer is impossible and the vacuum level is 
aligned across the interface, as shown in Figure 1.7 (b). On the other hand, 
when the WF of the substrate reaches the critical energy of occupied or 
unoccupied gap states, spontaneous interfacial charge transfer occurs, which is 
accompanied with the vacuum level shift and the formation of interface dipole. 
Finally, the Fermi level is pinned at the top of the occupied gap states above 
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the HOMO or at the bottom of the unoccupied gap states below the LUMO, as 
shown in Figure 1.7 (a) and (c).15,78,94,95  
 
Figure 1.7 Schematic illustrations of ELA regimes: (a) Fermi level pinning to the critical 
occupied gap states, (b) vacuum level alignment, and (c) Fermi level pinning to the 
critical unoccupied gap states.  
For the typical work on the ELA at the interface incorporating interfacial 
layers in OSCs, Kahn et al.96 deeply illustrated the working mechanism of 
transition metal oxides (TMO) as the hole selective layer in OSCs from the 
view of energy levels. They reported that TMO/organic junction could 
effectively convert a hole current into an electron current in order to realize 
hole extraction and selection. Due to the extreme low CB edge of TMO, the 
HOMO of the organic film could get in contact with the CB of TMO, allowing 
electrons to propagate and eventually recombine in the TMO film. They also 
indicated that the hole extraction enhancement could also origin from the 
built-in field at the TMO/organic interface caused by band bending in organic 
film, which resulted from the very high WF of TMO and the corresponding 




1.2.2 Molecular Orientation in Organic Solar Cells 
 Figure 1.8 Schematic illustrations of (a) lying conjugated molecules with the arrows 
indicating their vertical -stacking direction and (b) standing molecules with arrows 
indicating horizontal -stacking direction. 
Apart from the ELA, another important interface property that influences 
the device performance is the supramolecular organization at the interface, in 
particular the molecular orientation, which can significantly affect light 
absorption and charge transport in the films of OSCs.97 The alignment of the 
molecular - stacking of organic semiconductor thin films along the charge 
transport direction is highly favorable. In OSCs, since the photocurrent flow is 
essentially normal to the electrodes, the vertical - stacking (lying 
configuration) of the conjugated organic semiconductors is desirable, as 
shown in Figure 1.8 (a). There are also reports which indicate larger exciton 
dissociation rate in lying configuration due to the enhanced electronic 
coupling and driving force.98 In contrast, the conjugated molecules with 
standing configuration as shown in Figure 1.8 (b) exhibit horizontal - 
stacking. This should be favorable in the devices with parallel conducting 
channel to the substrate, such as organic field-effect transistors (OFETs). 
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Besides the effect on charge transport, molecular orientation has important 
influence on the interfacial ELA at organic-organic heterojunctions (OOHs). 
Duhm et al. firstly reported orientation-dependent IP in organic thin films, 
analogous to the dependence of metal WF on crystal face orientation.99 Large 
variation in IPs up to 0.6 eV was observed for -dihexyl-sexithiophene 
(DH6T) and -sexithiophene (6T) films on Au (111), depending on whether 
the molecules were lying flat on the substrates or standing upright. According 
to their density functional theory (DFT) calculations, they attributed the 
increased IP of the lying 6T and DH6T thin films to intrinsic surface dipoles 
built into the ordered lying-down molecular assemblies, whereas no such 
dipoles were present at the surface of standing films.99 The same group also 
reported that the molecules terminated by strongly electronegative atoms such 
as fluorine showed more pronounced orientation dependent IP.100 
Consequently, the understanding and control of the orientation of conjugated 
molecules on various substrates have significant implications for the 
construction of OSC devices. 
In a Van-der-Waals bonded organic thin film, the molecule-substrate 
interaction and intermolecular interaction are both important to determine the 
molecular orientation. In some cases, highly anisotropic intermolecular 
interactions such as interaction, charge transfer or hydrogen bonding are 
key factors to determine the orientation. The achievement of the subtle balance 
among these interactions is essential to control the orientation of the molecules. 
22 
 
As a typical example, many groups have successfully used 
perylene-3,4,9,10-tetracarboxylic-3,4,9,10-dianhydride (PTCDA) as the 
template to convert orientation of the phthalocyanines on the substrate from 
the standing configuration to the lying configuration, with some of them been 
utilized to fabricate OSCs with enhanced efficiency.101-104 Without the PTCDA 
modification, the phthalocyanines tend to stand upright due to the 
homo-intermolecular  interaction between them. However, in the case of 
PTCDA modification, firstly PTCDA molecules themselves tend to lie down 
and form well-defined herringbone structure on various surfaces, originating 
from the multiple collaborative hydrogen bonding C=OH-C.3 Then, the  
plane of PTCDA and the well-defined film facilitates the formation of 
lying-down phthalocyanines on it by hetero-intermolecularinteractions. 
The CuI buffer layer was also found to be able to template the molecular 
orientation in OSC devices. Rand et al. conducted an in-depth study on the 
orientation of ZnPc in ZnPc/ C60 bilayer cells tuning by a CuI buffer layer. The 
enhancement of the solar cell performance (2.8% for face-on ZnPc based 
device and 1.5% for edge-on ZnPc based device) could be attributed to JSC 
gains. This originated from the increased refractive index of the face-on ZnPc, 
which led to the increase of absorption strength. They also reported the 
enhanced charge transfer efficiency in face-on ZnPc/C60 based device 
indicated by the quantum-chemical calculations.105 Cheng et al. also reported 
the introduction of a CuI layer to control the molecular orientation of CuPc 
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and modify the anode in CuPc/C60 based OSC device. The power conversion 
efficiency was significantly enhanced by a factor of ~70% thanks to the 
increased absorption coefficient, larger carrier mobility and a smoother film 
surface caused by better stacking of the CuPc molecules and strong 
interactions between CuI and CuPc.106 These studies have indicated that 
proper consideration of the molecular orientation needs to be taken in order to 
fully optimize the numerous processes required for photovoltaic energy 
conversion. 
 
1.2.3 Morphology in Organic Solar Cells 
The morphology of both the active layer and the interfacial layer has strong 
effect on charge separation and extraction in OSCs.107,108 For the active layer, 
it is imperative that a bicontinuous network with a domain width 
approximately twice of the exciton diffusion length and large area of the 
donor/acceptor interface is favorable for the exciton dissociation and transport 
of the separated charges to the respective electrode.38 Various approaches have 
been adopted to control morphology in bulk heterojunction solar cells such as 
thermal annealing, solvent annealing, solvent selection, solvent mixture 
techniques and the use of additives.8,109,110 For the planar heterojunction, the 
active layer with nanostructured donor/acceptor interface has been developed. 
The ordered bulk heterojunction is an ideal way to maximize the probability 
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that an exciton reaches the donor/acceptor interface and dissociates into free 
charge carriers. Figure 1.9 shows the schematic cross-section of ordered 
heterojunction. The length scale of the nanostructuring (i.e. the width of either 
the donor or the acceptor phase) should be close to the exciton diffusion length 
(5 to 20 nm) to allow efficient exciton dissociation before de-excitation.111,112 
Armstrong et al. conducted a detailed work in constructing the textured 
donor/acceptor interface in TiOPc/C60 based small molecular OSCs by 
carefully controlling the polymorphs of TiOPc. Texturing of the TiOPc film 
led to the enhancement of the TiOPc/C60 interfacial area and hence the 
increase of the JSC and near doubling of power conversion efficiency.25,26 
 
Figure 1.9 Schematic drawing of the cross-section of an ordered heterojunction 
proposed for OSC devices. 
The morphology of the interface incorporating interfacial layer also has its 
significance in affecting charge extraction. Nanostructured electrode contact 
penetrating the active layer in OSCs provides an effective approach for 
improving charge collection. Mor et al. utilized vertically oriented TiO2 
nanotube arrays formed by anodization which offered a highly ordered 
material architecture to construct a double heterojunction OSC device which 
incorporates P3HT/PCBM and P3HT/TiO2 heterojunction. The highly ordered 
architecture formed by vertically oriented TiO2 nanotube arrays facilitated 
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efficient charge generation and collection in heterojunction solar cells. As a 
more elaborate work, Allen et al. introduced a radial TiO2 electron contact 
penetrating a blend organic semiconductor active layer to shorten the electron 
collection pathway in P3HT:PCBM and improved the radial charge collection, 
achieving more than 50% increase of the device total internal quantum 
efficiency.113 Similarly, ZnO nanorod array114 and nanoimprinted TiO2 
nanopores115 have also been reported to improve charge collection.  
 
1.3 Thesis Objective and Scope 
Although dramatic progress has been recently achieved in material design 
and manufacturing of OSCs, there lacks of a comparable improvement in 
interface investigation and engineering. The development of OSC to an 
advanced stage requires deeper understanding of the interface properties and 
new interfacial engineering approaches. 
  The main aim of this thesis is to examine how the interface properties 
including ELA, interface dipole and space charge effect, molecular orientation, 
and morphology at the donor/acceptor interface or the interface incorporating 
interfacial layer determine OSC device performance. The specific objectives 
of this research are to: 
 Investigate how interface properties of the donor/acceptor heterojunction 
itself determine the device performance of OSCs, mainly including the 
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effect of ELA and molecular orientation. 
 Examine the effect of interfacial layer on donor/acceptor heterojunction 
and develop new interfacial engineering approaches to alter interface 
properties which have advantages in OSC devices. 
 Investigate how the interface properties of interfacial layers determine 
charge extraction from the active layer to the electrode. 
The results of these studies may have significant impact on both explaining 
the correlation between interface properties and OSC performance and 
providing interfacial engineering approaches for further development of OSC 
devices. 
In this study, only small molecular semiconductors in a bilayer planar 
heterojunction OSC structure are chosen as the model systems to be 
investigated, since they can be deposited in ultra-high vacuum (UHV) system 
to form well-defined film with few defects. The polymer-based 
solution-processed systems in a bulk heterojunction are too complicated for 
the investigation since there are so many variables of such systems and hence 
are beyond the scope of this thesis. 
This thesis is organized as follows. Chapter 2 provides an overview on the 
experimental methods, where interface analytical methods, device fabrication 
and characterization techniques as well as the experimental systems are 
introduced. Experimental results and discussions are presented from Chapter 3 
to 5. Chapter 3 investigates interface properties at the donor/acceptor interface 
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in an inverted solar cell structure with chloroaluminium phthalocyanine 
(ClAlPc)/C60 heterojuncction as the model system with the comparisons of 
other phthalocyanine/C60 systems. In Chapter 4, we present the engineering 
the donor/acceptor heterojunction interface properties by 
chemical-vapor-deposited (CVD) graphene interfacial layer. Chapter 5 
provides a detailed interface study on electron extraction by cathode interfacial 




Chapter 2 Experimental Methods 
 As the purpose of this thesis is aimed to investigate the functional interfaces 
in OSCs, we utilize various approaches to investigate the interface and 
fabricate the model devices in order to correlate the interface properties with 
device performance. This chapter will introduce interface analytical methods, 
device fabrication and characterization methods as well as the experimental 
systems used in this work. 
 
2.1 Interface Analytical Methods 
In this thesis, three interface analytical methods including photoelectron 
spectroscopy (PES), near-edge X-ray absorption fine structure (NEXAFS) 
spectroscopy and atomic force microscope (AFM) have been utilized to reveal 
the ELA, molecular orientation and morphology respectively. 
 
2.1.1 Photoelectron Spectroscopy 
PES refers to kinetic energy measurement of electrons emitted from the 
substances induced by photoexcitation with certain specific photon energy. 
The obtained kinetic energy distribution can reveal the WF and the binding 
energy of different energy levels of the substances based on the well-known 
photoelectric effect. As shown in Figure 2.1, when the substrate is irradiated 
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with photon energy of h, electrons in a certain energy level with a binding 
energy (Eb) are excited and escape from the surface into the vacuum as 
photoelectrons with a kinetic energy (Ekin). Their relationship can be expressed 
as follows:  
'kin b sampleE h E WF                                          (2.1). 
Herein the binding energy of the electrons is defined as the energy difference 
between the initial energy state of electrons and the Fermi level in the material 
or more accurately the energy difference of the total energies between the final 
state (excited state, N-1 electrons) and the initial state (ground state, N 
electrons).  
 
Figure 2.1 The ELA between sample and the electron energy analyzer assuming good 
electric contact between the sample and the analyzer so their Fermi levels coincide with 
each other.  
In order to measure the kinetic energy of photoelectrons emitted, the PES 
systems are equipped with an electron analyzer which is aligned in a proper 
direction facing the sample surface. By sweeping the kinetic energy of 
photoelectrons in a certain range, the photoelectron energy distribution curve 
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can be obtained. However, the kinetic energy measured by the electron 
analyzer (Ekin) is not directly equal to the kinetic energy of photoelectrons 
(Ekin’), which is caused by the WF difference between the analyzer (WFanalyzer) 
and the sample (WFsample). The binding energy of photoelectrons in equation 
2.1 is then rewritten as 
kin b analyzerE h E WF                                          (2.2). 
Due to the loss of emitted electrons, the material is positively charged and the 
kinetic energy of the emitted electrons will be attracted by this self-generated 
positive electric field in the sample. Thus sample grounding is necessary to 
realize the Fermi level alignment between the sample and the analyzer, as 
shown in Figure 2.1, which ensures the accurate measurement of the kinetic 
energy of the photoelectrons.  
PES mainly comprises two categories according to the photon energy of the 
exciting radiation source: ultraviolet photoelectron spectroscopy (UPS) and 
X-ray photoelectron spectroscopy (XPS). The PES measurements are usually 
conducted in an UHV system to minimize the inelastic scattering of 
photoelectrons by gas molecules. The measured sample can be any film as 
long as it has enough conductivity to avoid charge accumulation on the sample 
surface.  
UPS is a powerful technique to determine the energy-level alignment across 
the OOH interface. The important parameters such as work function, interface 
dipole and IP can be derived from UPS. The ultraviolet light (UV) source 
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utilized in UPS mainly includes rare gas discharge (He I, h=21.2 eV, He II, 
h=40.8 eV and Xe h=8.437 eV) and monochromatized synchrotron 
radiation. Upon UV illumination, photoelectrons from the shallow valence 
states can be excited and detected by the electron analyzer. Thus the VB or the 
frontier orbital derived states of solid films can be probed. UPS is very 
surface-sensitive due to the short electron inelastic mean free path about less 
than 1 nm. Another advantage of UPS is that it can offer ultrahigh resolving 
resolution (several meV) owing to the very narrow line width of the radiation 
light. 
 
Figure 2.2 (a) Example of a typical UPS spectrum of a molecular film showing various 
energy levels and frontier molecular orbital derived states.   
The kinetic energy distribution of the photoelectrons is shown as the typical 
UPS spectrum given in Figure 2.2. The secondary electron cut-off (SECO) in 
the low kinetic energy part provides a direct measure of the vacuum level of 
the sample, since electrons with kinetic energy less than substrate work 
function cannot escape from the solid film. The high kinetic energy part is the 
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spectroscopic feature of VB, such as the HOMO, HOMO-1 and so on. From 
the spectrum, we can obtain 
, ,( )Fsample kin E kin SECOWF h W h E E                              (2.3), 
where , Fkin EE and ,kin SECOE are the kinetic energy of the sample Fermi level 
and the SECO respectively; W is the spectrum width (the kinetic energy 
difference between the EF and the SECO). To overcome the work function 
difference between the analyzer and the sample, a negative sample bias is 
usually applied to the sample to facilitate the measurement of the SECO. We 
can also get HIB from the following equation, which is the energy difference 
between substrate Fermi level and the onset of the HOMO: 
, ,Fkin E kin HOMO
HIB E E                                         (2.4). 
The IP thus can be obtained through the sum of WF and HIB. It can also be 
obtained through 
, ,( )kin HOMO kin SECOIP h E E                                     (2.5). 
Combined with other techniques such as inverse photoemission 
spectroscopy (IPES) and two-photon photoemission which can determine the 
LUMO level position in a certain material, a comprehensive energy level 
picture can be obtained.116-121 In our experiment, the LUMO position is 
estimated from the addition of the transport band gap previously reported to 
the HOMO.1,3,95,122-132 
Differently from UPS, XPS utilizes x-ray sources (e.g. Al-K: 1486.7 eV 
and Mg-K: 1253.6 eV) instead of UV sources, and thus the electrons from 
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core level are excited rather than the VB electrons in UPS. When the kinetic 
energy of the photoelectrons is between 20-200 eV, the escape depth of 
electrons is at a minimum smaller than 1 nm, indicating that this technique is 
also surface-sensitive with probe depth of less than several atomic layers.  
The element-specific core level peaks are the focus of XPS studies. Since 
these sharp peaks are from localized core levels with unique binding energies 
of different elements, XPS can be used to verify the presence of different 
elements. With appropriate considerations of photoelectron escape depths and 
photoionization cross sections, quantitative information of relative 
concentration of different elements can be acquired. XPS can also serve as a 
tool to check thin film thickness from the finite mean free path length which is 
the function of kinetic energy of the photoelectrons.133-135 Moreover, 
core-level peaks of the same element situated in different chemical 
environments show small shifts in binding energy. These shifts can also reflect 
the information of charge transfer, which is the degree of loss or gain of 
valence electrons of specific elements in the compound.136 Combining UPS 





2.1.2 Near-edge X-Ray Absorption Fine Structure Measurements  
 
Figure 2.3 Schematic diagrams of the X-ray absorption transition and the associated 
Auger decay channel. Showing on the right is a typical X-ray absorption spectroscopy 
spectrum including both NEXAFS (low energy region) and EXAFS (high energy region) 
(reprinted with permission from ref. 3, WILEY-VCH Verlag GmbH & Co. KGaA. 
Copyright 2011. The NEXAFS region has discrete structure originating from core 
electron transitions to unoccupied states and multiple scattering process in the continuum 
states (between E0 and EC), and the EXAFS region is with single scattering process at 
higher energies. 
NEXAFS is widely used to probe the resonant excitations from the 
core-level of a specific atomic species of a molecule (e.g., C 1s or N 1s) to its 
unoccupied electronic states (e.g. * or * anti-bonding orbitals). Different 
from photoelectron spectroscopy that the incident photo energy is set as a 
stationary value, the absorption spectroscopy is measured by sweeping the 
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incident photon energy based on synchrotron technology. As shown in Figure 
2.3, the structure close to the absorption edge (10-50 eV) is known as the 
NEXAFS region. The structure located at higher photon energies (50- 1000 eV 
above absorption edge) are the extended X-ray absorption fine structure 
(EXAFS) region. In this study, NEXAFS serves as a powerful technique to 
detect the molecular orientation of conjugated molecules, since the intensity of 
the resonances in NEXAFS has strong polarization dependence with the 
incident light.139,140  
Generally speaking, the * or * resonances in molecular systems can be 
described as dipole transitions from 1s initial states to the p-component of the 
corresponding * or * final states in a typical K-shell excitation. The 
intensity of these resonances is related to the excitation oscillator strength:  
2 2
2 2
1 1I f E p i E f p i
E E
                               (2.6), 
where E is the electric field vector of the incident light; p is the momentum 
operator; |i> and <f| are the 1s initial state and the molecular orbital final state 
of the transition respectively. The transition matrix element is defined by <f |p| 
i> with a 1s initial state of spherical symmetry and a vector final state orbital 
points in the direction of the final state orbital with maximum orbital 
amplitude.3 As a result, the intensity of the resonances is largest when the 
electric field vector E lies along the direction of the final state molecular 
orbital, while smallest when E is perpendicular to it. To be more specific, it 
has a 2cos   dependence on the angle | | between E and the direction of 
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molecular orbitals. For a planar -conjugated molecule, the * or *orbitals 
are directed essentially out-of-plane and in-plane respectively, thus their 
resonance intensities should have an opposite dependence with the 
polarization. Since the 1s to * transitions are much better resolved with sharp 
peaks than the corresponding * transitions located at higher photon energies, 
their intensity variation as function of the incident angle of synchrotron light is 
commonly used to derive the molecular orientation. As shown in Figure 2.4, 
defining the tilting angle as the angle of molecular plane with respect to the 
substrate, and the light incident angle as the angle between the direction of 
the incident light and the normal direction of the substrate, the intensity of * 
resonance can be expressed as follows (assuming 100% linearly polarized 
light): 
2 21( ) 1 (3cos 1)(3cos 1)
2
I a                                 (2.7). 
In a typical NEXAFS measurement to investigate the molecular orientation, 
the photon energies of the beam are continuously varied. Using the intensity 
ratio of the most prominent * resonance in NEXAFS between normal 
incidence (=0°) and grazing incidence (=90°) of light, the molecular tilting 
angle can be derived easily.3,128,141,142 It is worth to mention that the molecular 
tilting angle as determined from NEXAFS is averaged over the whole probing 
area. The molecules should have a Gaussian-like tilt angle distribution rather 
than a fixed tilt angle. A large intensity difference implies a narrow tilt 




Figure 2.4 Schematic showing the definition of angles in the experiment.  
There are two methods to record NEXAFS spectra, including fluorescence 
yield and electron yield detection. As shown in Figure 2.3, the absorption 
process results in a photo-electron and a core hole. The hole is subsequently 
filled by an electron either radioactively by emission of a fluorescent photon, 
or non-radioactively by emission of an Auger electron. Both channels are a 
direct measure of the existence of a core hole created by the X-ray absorption 
and correspond to fluorescence yield and electron yield detection. The electron 
yield detection includes the total electron yield (TEY), partial electron yield 
(PEY) and auger electron yield (AEY).143 In my experiments, the TEY and 
AEY are used. In the TEY detection, all electrons that emerge from the surface 
are detected. To investigate the molecular orientation of very thin film, AEY 
mode is used due to better surface sensitivity of it since only elastically 
scattered Auger electrons are recorded in this mode.  
 
2.1.3 Atomic Force Microscope 
  AFM is one member of the scanning probe microscope family, which has 
been widely applied as an effective tool for imaging, measuring, and 
manipulating matter at the nanoscale. In interface investigation, it serves as 
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human’s eye to see the morphology at the interface, giving valuable 
information about film grain shape and size, phase separation of a mixed 
compound film, film growth mode and roughness. 
   
Figure 2.5 A schematic of the AFM showing the cantilever-tip assembly, piezoelectric 
tube scanner, laser deflection system and computer. Adapted from ref. 4, with permission 
from American Chemical Society. Copyright 2001. 
As shown in Figure 2.5, the modern AFM system comprises of a cantilever, 
laser beam deflection system, piezoelectric tube (PZT scanner), electronic 
control unit and computer which controls the whole system. AFM imaging 
relies on the force between the tip and the sample by measuring the deflection 
of the cantilever. When the tip is brought into proximity of a sample surface, 
the force between the tip and the sample lead to a deflection of the cantilever 
according to Hooke’s law: 
F=-kz                                                      (2.8), 
In which F is the force; k and z are the stiffness and the bending distance of 
the cantilever.  
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  The AFM can be operated in contact mode, non-contact mode and tapping 
mode, depending on whether the tip contacts the sample surface constantly. In 
the contact mode, the tip on the cantilever is brought into physical contact with 
the sample. As it moves on the sample surface, the topological variation lead 
to deflection in the cantilever which changes the position of a reflecting laser 
on the photodetector. The change is then calculated and converted into 
morphological information by the control unit and computer program. In this 
mode, the AFM tip may cause damage to soft or fragile samples. To get rid of 
this problem, tapping mode is used in which the tip is not continuously 
contacted with the sample surface, but oscillates at a frequency slight above its 
resonant frequency. The force interaction between the probe and the sample 
causes a change in the resonant frequency and oscillation amplitude of the 
vibrating cantilever, either of which is used to control the tracking of the probe 
over the sample surface. In our experiments, tapping mode AFM is 
used.79,144-148  
 
2.2 Fabrication and Characterization of Devices 
In combination with the interface investigation, we also fabricate model 
devices to correlate the interface study with the performance of OSCs. In our 
experiments, the bilayer planar heterojunction-based model OSC devices and 




Table 2.1 Cleaning procedures of ITO glass. 
As discussed in Chapter 1, ITO glass is the standard bottom transparent 
electrode. Before fabrication, the ITO substrates are carefully cleaned to get 
rid of the adsorbed organic compounds in the patterning process. The cleaning 
procedures are summarized in the Table 2.1. After liquid solvents sonication 
cleaning, UV-ozone or plasma is usually used to treat the substrates to get rid 
of the carbon contamination and enhance the affinity of them with some 
hydrophilic interfacial layers. For the fabrication process using vacuum 
deposition, substrates are first loaded into the vacuum deposition chamber. 
Organic molecules and some of the metal oxides in the crucibles can be 
sequentially evaporated and deposited on the substrate to fabricate a device 
containing different layers. At last, metals such as silver and aluminum are 
evaporated on top to be the electrode. In solution-processed fabrication, 
molecules or polymers are dissolved in solvents and spin coated on the 
Solvent Temperature Time Sonication 
Deionized Water + detergent Room Temperature 30 min Yes 
Deionized Water Room Temperature 10 min Yes 
Deionized Water Room Temperature 10 min Yes 
Acetone Room Temperature 15 min Yes 
2-propanol Room Temperature 15 min Yes 
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substrates. Finally, the electrode can be vacuum deposited or solution pasted 
on top.  
Different from OSCs which mainly function as the device to convert 
luminous energy into electricity, the single charge carrier device is a tool to 
study the effectiveness of charge injection and extraction at the electrode 
contact and charge transport in certain semiconductor materials. In a single 
charge carrier device, the two electrodes should possess similar polarity to 
allow only holes or electrons to flow in the device, which is different from the 
opposite polarities of electrodes in OSC devices. Despite their different 
functions, the fabrication methods of the two types of devices are quite similar. 
The only difference for fabrication of a single charge carrier device compared 
to OSC device is that the choice of the electrode interfacial layers should offer 
two electrodes of similar polarities. 
 
2.2.2 Characterization 
  The measurement of OSCs or single charge carrier device is conducted by 
measuring the current density (J) flowing through the sample when applying a 
voltage (V) sweep. For OSCs, the J-V curve under light illumination 
determines the device performance and reflects the most important 
characteristics of solar cells. For the convenience of comparison in solar cell 
research field, testing solar cells using the AM 1.5G spectrum at 25°C and a 
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total irradiance of 100 mW/cm2 has been adopted as the standard testing 
condition for measuring solar cell efficiency. The experimental results in this 
thesis are also tested under this condition. “AM” in “AM 1.5G” refers to air 
mass, which is a measure of how far light travels through the Earth’s 
atmosphere. Based on AM0, which is the spectral irradiance of the sun as 
measured beyond the earth’s atmosphere, AM 1.5G designates that photons 
pass through 1.5 × the mass of the atmosphere directly, translating to the sun 
having an angle of 48.2° from the zenith, as show in Figure 2.6 (a).5,149 
 
Figure 2.6 (a) Schematic shows the definition of AM 1.5.5 (b)Schematic shows the 
typical J-V curve of OSC and the important parameters extracted from the curve: VOC, JSC, 
FF and PCE. PT refers to the theoretic power that would be output at both the VOC and JSC 
together. Pin refers to the incident power density. 
A typical solar cell J-V curve under light illumination is shown in Figure 2.6 
(b) with important parameters indicated on the curve: 
(1) VOC, is the maximum photovoltage that can be generated in the cell and 




(2) JSC, is the current density when the applied voltage is zero. 





                                            (2.8). 
FF can also be interpreted graphically as the ratio of the yellow rectangular 
area and the rectangular area which has edges corresponding to VOC and JSC as 
depicted in Figure 2.6 (b).  
(4) Power conversion efficiency, PCE, is the ultimate measure of the device 
efficiency in converting photons to electrons. It can be defined as 
max maxSC OC
in in
J V FF J VPCE
P P
                                    (2.9), 
in which Pin is the incident light power density.  
 
2.3 Experimental Systems 
2.3.1 Multi-Chamber Photoemission System 
Our Photoemission system is a custom-built multi-chamber UHV system 
with an analytic chamber attached to a preparation chamber through a gate 
valve, as shown in Figure 2.7. The base pressure of the chambers is better than 
1.0×10-9 mbar. The preparation chamber is mounted with several Knudsen 
effusion cells, a manipulator (x, y, z, ) with heating filament, a sputter gun, a 
quartz-crystal-microbalance (QCM) and a long-arm transporter. When 
calibrating the work function of the analyzer with gold or silver, we can use 
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the sputter gun and the heating function of the manipulator to sputter and 
anneal them to obtain clean and atomically flat surfaces. Molecules or metal 
can be thermally evaporated from the Knudsen cells onto the clean substrates. 
The QCM is used to monitor the deposition rates during evaporation. The 
manipulator can move the samples to various positions to realize the 
deposition, sputtering and sample transfer. After the preparation, the samples 
can be transferred into the analytic chamber immediately with this long 
transfer arm. With the preparation chamber, in-situ measurements like 
thickness dependent XPS/UPS measurements can be conducted without 
exposing sample to the air. 
The analytic chamber mainly consists of UV source, X-ray source and the 
hemispherical analyzer. It’s also equipped with the manipulator (x, y, z, ) and 
the wobble stick that can transfer and hold the samples. With the UV source 
and the X-ray source, UPS and XPS measurements can be carried out 
respectively. The kinetic energy distribution of the photoelectrons excited 





Figure 2.7 The setup of multi-chamber photoemission system. The analytic chamber (left) 
is attached to the preparation chamber (right). 
 
2.3.2 Synchrotron-based NEXAFS Measurements 
Synchrotron radiation is an intense light source of electromagnetic radiation 
with tunable photon energy. It has numerous unique properties, such as high 
intensity and brilliance, wide energy spectrum from infrared to hard X-rays, 
high polarization and very short pulses, making it one of the most powerful 
scientific instruments with wide applications in many scientific 
disciplines.150-154 Figure 2.8 shows the end-station of our Surface, Interface 
and Nanostructure Science (SINS) beamline of Singapore Synchrotron Light 
Source (SSLS) facility, which is a second generation light source comprising a 
compact 700MeV superconducting storage ring (Helios 2) with 4.5 T bending 
46 
 
magnets to produce synchrotron radiation. The end-station system is also 
consisted with preparation chamber and analytic chamber. The organic 
molecular thin films were prepared in the separate preparation chamber 
attached to the analytic chamber, which is similar with the multi-chamber 
photoemission system. In the NEXAFS measurements, the photon energies of 
the beam are continuously varied with photon energy resolution of 0.1 eV. The 
samples are measured at grazing angle and normal angle to determine the 
orientation of the probed orbitals.139 
 
Figure 2.8 Photograph showing the end-station of Surface, Interface and Nanostructure 




2.3.3 Device Fabrication and Characterization System 
 
Figure 2.9 The setup of small molecular OSC device fabrication system. 
The device fabrication system mainly includes three chambers as shown in 
Figure 2.9. The left chamber is a preparation chamber in which substrates can 
be loaded and treated with O2 plasma or Ar plasma. The middle chamber is the 
organic deposition chamber which has five crucibles with different organic 
molecules inside. Over each crucible, there is a QCM that can monitor the 
deposition rate of each source. The right chamber is the electrode deposition 
chamber that metals such as Al or Ag and metal oxides such as MoO3 can be 
deposited with large current. The device can be fabricated without being 
exposed to air thanks to the transfer arm between each chamber.  
After the fabrication, the device can be transferred into glove box 
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immediately when taken out from the fabrication system. The J-V curve test 
is carried out by Agilent 2400. The testing is in the glove box with inert 
environment (MBraun glovebox, N2 atmosphere) under 1 Sun (AM 1.5G) 
condition using a solar simulator (SAN-EI Electric XES-301S 300W Xe 




Chapter 3: Interface Investigation in 
Chloroaluminium Phthalocyanine /Fullerene 
Heterojunction-based Inverted Solar Cells 
3.1 Introduction 
It is known that the interface properties at the organic donor-acceptor 
heterojunction interface play an essential role in determining the device 
performance since it is the interface where excitons dissociate. As discussed in 
Chapter 1, an optimized molecular orientation is necessary for efficient charge 
transport and hence enhanced JSC; large energy offset between the HOMO of 
the donor molecules and the LUMO of the acceptor molecules contributes to 
increased VOC; nano-structured interface results in effective exciton 
dissociation, and so on.1-3,15,25,26,34,76,78,94,122-124,126,141,155-166 However, these 
interface properties are less investigated and poorly understood for inverted 
OSCs, thereby hindering the design of proper interface engineering 
approaches to improve device performance.  
This chapter aims at investigating how the interface properties at the 
donor/acceptor interface can be affected by the intrinsic properties of different 
materials, and the resulting influence towards device performance. ClAlPc is 
chosen as the model donor material to integrate with C60 in inverted solar cell 
structure to be carefully investigated. ClAlPc represents one promising 
donor-type organic semiconductor, due to its relatively large IP and enhanced 
50 
 
optical absorption in the near infrared region.167,168 The interface properties, 
such as molecular orientation and interface ELA, and the correlated model 
device performance have been systematically examined. As comparisons, 
CuPc and ZnPc which represent the benchmark small molecular donor 
materials in OSCs fabricated by vacuum deposition are also integrated with 
C60 to form model donor-acceptor systems to be investigated. In order to 
examine the molecular dipolar property on interface properties such as 
molecular orientation, another dipolar phthalocyanine TiOPc is also examined. 
From these comparisons, we can study how donor-acceptor interface is 
affected by the molecular property and the related influence to the device 
performance.  
 
Figure 3.1 Schematic drawings showing the molecular structures of ClAlPc, CuPc, 
ZnPc, TiOPc and C60. 
Figure 3.1 shows the molecular structures of the four phthalocyanines and 
C60 used in this study. ClAlPc has large intrinsic dipole moment about 3.78 
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Debye along the direction perpendicular to the molecular plane pointing from 
the Al atom to the protruding Cl atom.169 Different from ClAlPc, CuPc and 
ZnPc are non-dipolar molecules, while TiOPc has a much smaller intrinsic 
dipole moment about 1.34 Debye perpendicular to the molecular plane 
pointing from Ti atom to O atom.170 
The results show that ClAlPc with extraordinary large intrinsic dipole 
exhibits different interface properties compared to other phthalocyanines. As 
revealed by the in-situ NEXAFS measurement, the molecular orientation of 
ClAlPc on C60 on ITO adopts a lying configuration with their molecular 
π-plane nearly parallel to the substrate surface, and thereby could facilitate 
efficient charge transport along the direction perpendicular to the substrate 
surface. In contrast to the non-planar CuPc and ZnPc molecules with low IP, 
the relatively large IP of ClAlPc leads to a deep lying HOMO level at the 
ClAlPc/C60 heterojunction interface as revealed by in-situ UPS experiments. 
This can explain the observed relatively large VOC in an inverted ClAlPc/C60 
solar cell model device, as compared to that in the CuPc/C60 and ZnPc/C60 
device. 
 
3.2 Experimental Details 
Synchrotron based NEXAFS measurements were performed in TEY mode 
using linear p-polarized synchrotron light. In-situ UPS experiments were 
52 
 
carried out in the multi-chamber photoemission system with He 1α (21.2 eV) 
as the excitation source and an Omicron EA 125 hemispherical electron 
analyzer. Vacuum level shifts were measured from the linear extrapolation of 
the low kinetic energy part of UPS spectra with a -5V sample bias. The sample 
work function was obtained through the equation WF ൌ ݄ݒ െܹ, where W is 
the spectrum width (the energy difference between the substrate Fermi level 
and low kinetic energy onset). The binding energy of all UPS spectra were 
calibrated and referenced to the Fermi level of a sputter-cleaned gold sample. 
UPS spectra were measured at normal emission. All the UPS and NEXAFS 
measurements were performed at room temperature (RT). 
Vacuum-sublimation purified ClAlPc, CuPc, ZnPc, TiOPc and C60 were 
thermally evaporated onto the ITO substrates at RT from separate commercial 
Knudsen cells in the growth chamber. Deposition rates of 0.2 nm/min for 
ClAlPc, ZnPc and TiOPc, 0.1 nm/min for CuPc and 0.3 nm/min for C60 were 
chosen in our UPS experiments and calibrated by a QCM. Optical absorption 
spectra were measured on organic films grown on quartz substrates using a 
Perkin-Elmer Lambda 750 Ultraviolet-Visible-Near infrared spectrometer, 
referenced to clean quartz substrates. Inverted solar cell devices were prepared 
on ITO patterned glass substrates, which were cleaned by successive solvent 
sonication and blow-dried under N2. The substrates were annealed in an oven 
at 80 oC for 1 h before loaded into the device growth chamber. The C60, 
ClAlPc or CuPc or ZnPc, MoO3 and Ag layers were sequentially thermally 
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evaporated (1.2 nm/min for organic molecules, 0.6 nm/min for MoO3 and 6.0 
nm/min for Ag) in vacuum chambers with a base pressure of ~10-7 mbar. The 
active area of the device was 0.09 mm2. The thickness of the films was 
measured by QCM and further calibrated by a surface profiler. 
 
3.3 Results and Discussion 
3.3.1 Orientation and Energy Level Alignment in Inverted OSC Structure 
Figure 3.2 (a) shows the angle-dependent N K-edge NEXAFS spectrum for 
8 nm ClAlPc on 8 nm C60 film on ITO. The first three absorption peaks 
(397-405 eV) arise from the resonant transitions from the N 1s core level into 
different π* orbitals of ClAlPc. The broad absorption peaks at the higher 
photon energies (405-420 eV) are the transitions to the σ* states. For the 
disk-like ClAlPc molecule, the π or π* orbitals orient essentially perpendicular 
to the molecular plane and the σ or σ* orbitals orient in the molecular 
plane.3,171 As shown in Figure 3.2 (a), the intensity of the π* absorption peaks 
for 8 nm ClAlPc on C60 are greatly enhanced at the grazing incidence (θ=20º) 
and largely depressed at the normal incidence (θ=90º). This indicates that the 
ClAlPc molecules on C60 adopt a lying configuration with their molecular 
π-plane oriented almost parallel to the substrate surface,171 as indicated by the 
schematic drawing in Figure 3.2 (a). In contrast, the intensity of π* absorption 
peaks for 8 nm CuPc on C60 are greatly depressed at the grazing incidence 
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(θ=20º) and largely enhanced at the normal incidence (θ=90º), as shown in 
Figure 3.2 (b). The totally opposite trend of * and * absorption intensity at 
different incident angles compared to ClAlPc on C60 indicates the standing 
configuration of CuPc on C60 on ITO. Similar result has also been previously 
reported for CuPc on C60 on a silver substrate.172 For TiOPc on C60 shown in 
Figure 3.2 (c), the intensity of * resonance is only slightly stronger at grazing 
incidence than normal incidence, indicating the random orientation of TiOPc 
molecules.  
 
Figure 3.2 Angle dependent N-kedge NEXAFS spectra for (a) 8 nm ClAlPc, (b) 10 nm 
CuPc and (c) 9 nmTiOPc on C60 on ITO substrate. 
For non-dipolar CuPc molecules, it is believed that the C-H··· π 
electrostatic interactions between the periphery C-H bonds in CuPc and the 
curvatured π-plane in C60 stabilize the standing configuration of them.172 
However, ClAlPc has a very large dipole moment, we propose that the 
intrinsic molecular dipole perpendicular to the ClAlPc molecular plane can 
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facilitate the flat-lying configuration of ClAlPc on C60, which can be further 
strengthened by the intermolecular π-π interactions between the planar π-plane 
in ClAlPc and the curvatured π-plane in C60. With such flat-lying 
configuration of ClAlPc on C60, the molecular π-plane in ClAlPc is essentially 
stacked along the direction perpendicular to the substrate surface, i.e., along 
the heterojucntion stacking direction, thereby enhancing the efficient charge 
transport for light-induced charge carriers in heterojucntion-based solar cells.3 
The configuration of TiOPc can be regarded as in between that of ClAlPc and 
CuPc. The effect of its moderate intrinsic interface dipole is in competition 
with the C-H··· π electrostatic interaction between the periphery C-H bond of 
TiOPc and the curvatured π-plane of C60. Thus a random orientation is 
observed for TiOPc on C60. 
To evaluate the ELA at the ClAlPc/C60/ITO heterojunction interface in an 
inverted solar cell device configuration, we have carried out in-situ UPS 
measurements. Figure 3.3 shows the evolution of the thickness-dependent 
UPS spectra for ClAlPc on 8 nm C60 on ITO. For 8 nm C60 covered ITO 
electrode, the VB is dominated by C60 related features [spectrum (2) in Figure 
3.3 (b) and (c)], with the HOMO leading edge at 2.01 ± 0.02 eV below the 
Fermi level and the HOMO peak centered at 2.56 ± 0.02 eV. The evolution of 
the ELA at the ClAlPc/C60 interface can be monitored by measuring the UPS 
spectra after the sequential deposition of ClAlPc with increased 
thickness.1,3,15,76,122,124,126 With the ClAlPc thickness below 1 nm [spectra (3), 
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(4) and (5) in Figure 3.3], the ClAlPc HOMO leading edge is located at 1.10 ± 
0.02 eV below the Fermi level and the HOMO peak is centered at 1.45 ± 0.02 
eV. At the same time, as shown in Figure 3.3 (a), the vacuum level is almost 
aligned at the ClAlPc/C60 interface, suggesting a negligible charge transfer at 
the interface.1,15,76,122,124,126 Further increasing the ClAlPc thickness from 3 nm 
onwards, we observe a broadening of ClAlPc HOMO peak and a moving of 
the HOMO leading edge towards lower binding energy, as shown in Figure 
3.3 (b) and (c). This can be explained by the HOMO-LUMO gap narrowing 
due to the molecule aggregation at higher coverage and the strong 
intermolecular interactions between dipolar ClAlPc molecules.23,168 At the 
meantime, the SECO shows large shift towards higher kinetic energy region, 
indicating upward vacuum level shift. This can be also attributed to the 
molecule aggregation at higher coverage originating from the intrinsic dipole 






Figure 3.3 UPS spectra at (a) the low kinetic energy region (SECO), (b) the low binding 
energy region (the VB region) and (c) the corresponding VB region near the Fermi level 
during the sequential deposition of ClAlPc on 8 nm C60 on ITO. 
For comparison, we have also investigated the ELA at the organic 
heterojunction interface comprising non-dipolar CuPc with smaller IP and C60 
in an inverted solar cell device configuration. As shown in Figure 3.4 (b) and 
(c), because of the smaller IP, the HOMO leading edge of CuPc locates at 0.65 
± 0.02 eV after deposition of CuPc on 8 nm C60 on ITO. At the same time, as 
shown in Figure 3.4 (a), a very small downward vacuum level shift of 0.12 ± 
0.02 eV can be found at the CuPc/C60 interface, indicating a very weak charge 




Figure 3.4 UPS spectra at (a) the low kinetic energy region (SECO), (b) the low binding 
energy region (the VB region) and (c) the corresponding VB region near the Fermi level 
during the sequential deposition of CuPc on 8 nm C60 on ITO. 
As an analogy of CuPc, another non-dipolar phthalocyanine ZnPc has been 
integrated with C60 in an inverted solar cell structure to be investigated. As 
shown in Figure 3.5 (b) and (c), similar to CuPc, the HOMO edge of ZnPc is 
located at 0.76 ± 0.02 eV and well aligned during sequential deposition of 
ZnPc from 0.5 nm to 10 nm. Meanwhile, there is also a very small downward 
shift of the SECO for about 0.10 ± 0.02 eV as shown in Figure 3.5 (a), 




Figure 3.5 UPS spectra at (a) the low kinetic energy region (SECO), (b) the low binding 
energy region (the VB region) and (c) the corresponding VB region near the Fermi level 
during the sequential deposition of ZnPc on 10 nm C60 on ITO. 
 
 
Figure 3.6 UPS spectra at (a) the low kinetic energy region (SECO), (b) the low binding 
energy region (the VB region) and (c) the corresponding VB region near the Fermi level 
during the sequential deposition of TiOPc on 8 nm C60 on ITO. 
Figure 3.6 shows the evolution of thickness-dependent UPS spectra for 
TiOPc on 8 nm C60 on ITO. Different from ClAlPc/C60 system, there is a slight 
60 
 
downward shift of the vacuum level with increasing the thickness of TiOPc on 
C60. Besides, there is a small HOMO peak shift of TiOPc towards higher 
binding energy for 0.10 ± 0.02 eV. The HOMO edge also shows 
accompanying shift from 1.02 ± 0.02 eV to 1.20 ± 0.02 eV. The results suggest 
that the interaction between TiOPc and C60 is also weak. The slight shift of the 
SECO and HOMO are possibly caused by the change of molecular orientation 
during film growth which will be discussed later.  
 
Figure 3.7 Schematic energy level diagrams of (a) ClAlPc/C60/ITO, (b) CuPc/C60/ITO (c) 
ZnPc/C60/ITO and (d) TiOPc/C60/ITO systems. 
The energy level diagrams of the above mentioned phthalocyanine/C60 
systems in an inverted solar cell structure are summarized in Figure 3.7 (a)-(d). 
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The LUMO position of C60 is estimated by subtracting the literature reported 
HOMO-LUMO gap from the measured IP in our experiments.1,76,124 Clearly, 
compared to CuPc, ZnPc and TiOPc with smaller IP (measured to be 4.91 ± 
0.02 eV, 4.98 ± 0.02 eV, and 5.23 ± 0.02 eV respectively in our UPS 
experiments), the relatively large IP of ClAPc (measured to be 5.58 ± 0.02 eV 
at the ClAlPc/C60 interface) can result in a deeper lying HOMO orbital, 
thereby leading to a large energy offset between the HOMO of ClAlPc and the 
LUMO of C60. Ideally, we could obtain relatively large VOC in such 
ClAlPc/C60 heterojunction based inverted solar cell device. 
As introduced in Chapter 1 that interfacial layers are often used between the 
electrode and the active layer to help block excitons and extract corresponding 
charges. The ELA at ClAlPc/C60 heterojunction has also been examined on 
8-hydroxyquinoline aluminium (Alq3) which can act as the cathode interfacial 
layer in OSCs.173-175 Figures 3.8 (a)-(c) display the UPS spectra of sequential 
deposition of ClAlPc on C60 on Alq3 on ITO as similar to the structure in 
inverted OSCs. The spectrum (2) shows that the SECO of Alq3 modified ITO 
shifts towards the lower kinetic energy region for about 0.26 ± 0.02 eV, 
indicating the decrease of the WF compared to bare ITO substrate. As shown 
in Figure 3.8 (c), the HOMO edge of Alq3 is located at 2.20 ± 0.02 eV. After 
the following deposition of C60, ClAlPc is then deposited sequentially like the 
previous described systems. When the thickness of ClAlPc thickness is below 
1 nm [spectra (4), (5) and (6) in Figure 3.8 (a)-(c)], the ClAlPc HOMO leading 
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edge locates at 1.41 ± 0.02 eV below the Fermi level. The vacuum level is 
nearly aligned at ClAlPc/C60 interface, suggesting a negligible charge transfer 
at the interface. Similar to ClAlPc/C60 on bare ITO, when further increasing 
the ClAlPc thickness from 3 nm onwards, HOMO peak broadening and the 
movement of HOMO leading edge can be observed. The SECO also shows 
obvious shift towards the higher kinetic energy region. It could be due to the 
stronger dipole-dipole interaction and hence the HOMO-LUMO gap 
narrowing as well as the change of molecular orientations when ClAlPc film 
becomes thick. Figure 3.8 (d) illustrates the energy level diagram of this 
system. The LUMO position of Alq3 is estimated by subtracting the literature 
reported HOMO-LUMO gap from the measure IP in our experiments.176,177 As 
the figure shown, Alq3 has wide bandgap which can help block excitons, and 
facilitates the electron extraction from C60 to ITO by bringing down the WF of 
the ITO substrate. Clearly, ClAlPc still has large IP about 5.55 eV and deep 
lying HOMO level, which maintain the large energy offset between the 
HOMO of ClAlPc and the LUMO of C60. Thus it can be considered that the 
interfacial ELA at ClAlPc/C60 is not affected by the interfacial layer. 
Therefore, we could expect ClAlPc/C60 based OSC still has large VOC with 






Figure 3.8 UPS spectra at (a) the low kinetic energy region (SECO), (b) the low binding 
energy region (the VB region) and (c) the corresponding VB near the Fermi level during 
the sequential deposition of ClAlPc on 15 nm C60 on 15 nm Alq3 on ITO. (d) Schematic 
energy level diagrams of ClAlPc/C60/Alq3/ITO. 
 
3.3.2 Molecular Aggregation and Morphology 
Figure 3.9 shows the UV-Vis absorption spectra for 40 nm C60 on quartz 
covered with ClAlPc thin films with different thicknesses. The bottom 
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spectrum for the 40 nm C60 film is dominated by characteristic C60 absorption 
features with the wavelength below 550 nm. Deposition of 10 nm ClAlPc on 
top leads to the appearance of a broad absorption feature with overlapped 
multi-peaks at longer wavelength (ranging from 550 nm to 880 nm). The 
ClAlPc absorption edge can be further extended into the near-IR region (~ 910 
nm) after the deposition of 25 nm ClAlPc. This is associated with a slight shift 
of the peak maximum towards longer wavelength from 730 nm to 759 nm. As 
aforementioned, the effective molecular aggregation and the strong 
intermolecular interactions among these dipolar ClAlPc molecules 
(dipole-dipole interactions) for thicker ClAlPc films can result in the 
narrowing of the HOMO-LUMO gap, and hence the appearance of the broad 
ClAlPc absorption peak extending into the near-IR region.23,168 As revealed by 
the absorption spectra in Figure 3.9, C60 has no absorption peak above 550 nm. 
When operated in an inverted solar cell device, the sunlight with shorter 
wavelength can be first absorbed by the bottom C60 layer; meanwhile, the 
sunlight with longer wavelength can pass through the C60 layer with minimum 
intensity loss and be further absorbed by the top ClAlPc layer. This indicates 
that the inverted solar cell device configuration is ideal for ClAlPc/C60 





Figure 3.9 UV-Vis absorption spectra for 40 nm C60 on quartz substrates covered with 
ClAlPc thin films with different thicknesses. 
Figure 3.10 shows the UV-vis absorption spectra for bare ClAlPc films on 
quartz substrate. There are mainly two absorption bands observed. The 
absorption band located between 300 -400 nm is the so-called soret (B) band, 
which overlaps with the absorption band of C60 in previous ClAlPc/C60 system. 
The absorption band located between 600- 800 nm is the characteristic Q-band 
of phthalcyanine compounds originating from the HOMO-LUMO transition 
(-* transition).20,106 The bandgap narrowing can also be observed when 
increasing the thickness of ClAlPc. The peak position of the Q-band 
absorption changes from 712 nm to 747 nm with increasing the ClAlPc film 
thickness from 10 nm to 30 nm. This result also suggests the existence of 
ClAlPc molecular aggregation which should be attributed to large 




Figure 3.10 UV-Vis absorption spectra for quartz substrates covered with ClAlPc thin 
films with different thicknesses. 
As a comparison, the absorption properties of TiOPc films with various 
thickness on C60 film are also investigated. As displayed in Figure 3.11, the 
shift of the Q-band peak position of TiOPc is much smaller than in the ClAlPc 
case. When increasing the thickness of TiOPc from 10 nm to 25 nm, the 
Q-band peak position only shifts to the longer wavelength for 3 nm. This 
result indicates the weaker aggregation of TiOPc molecules compared to 
ClAlPc molecules. It is consistent with the previous discussed molecular 
orientation and ELA of the material systems incorporating the two molecules. 
That is, the smaller intrinsic dipole of TiOPc is not strong enough to induce 
the strong molecular aggregation and hence the lying configuration of it as in 
ClAlPc. The following NEXAFS spectra of various thicknesses of ClAlPc and 
67 
 
TiOPc on C60 and the UPS spectra of ClAlPc on bare ITO further confirm this 
point. 
 
Figure 3.11 UV-Vis absorption spectra for quartz substrates covered with TiOPc thin 
films with different thicknesses. 
Figure 3.12 (a) and (b) show the angle-dependent N K-edge NEXAFS 
spectra of sequential deposition of ClAlPc on 8 nm C60 with the thickness of 
1.5 nm and 8 nm respectively. It is clear to see that the intensity of * 
absorption peaks of ClAlPc are enhanced at grazing incidence and depressed 
at normal incidence with both thicknesses, while the trend of intensity change 
of * absorption peaks are the opposite to the * absorption peaks. However, 
the intensity difference of the * or * absorption between grazing incidence 
and normal incidence of thinner ClAlPc film (1.5 nm) is not as obvious as that 
of thicker ClAlPc film (8 nm). As introduced in Chapter 2, the intensity I of 
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the * resonance is related to the tilt angle  of ClAlPc molecular plane with 
respect to the substrate plane and the synchrotron light incidence angle  by 
2 21( ) 1 (3cos 1)(3cos 1)
2
I a      
Using the intensity ratio ( *) (90 ) / (20 )R I I    , the average tilt angle can be 
calculated to be 37°± 5°and 20°± 5° respectively for 1.5 nm and 8 nm ClAlPc 
films. It can be inferred that the orientation of ClAlPc firstly deposited (1.5 nm) 
is controlled by both the - interaction between the planar -plane in ClAlPc 
and the curvatured -plane in C60 as well as the C-H electrostatic 
interaction between the periphery C-H bonds in ClAlPc and the curvatured 
-plane in C60, and, with - interaction to be more effective. When ClAlPc 
film becomes thick (8 nm), the orientation of it gradually becomes more 
lying-down due to the large dipole-dipole interaction. This deduction 
correlates well with the thickness-dependent ELA result. The HOMO peak 
broadening, HOMO edge moving towards the lower binding energy and the 
vacuum level shift in ClAlPc film with high thickness are indications that 
there are changes of the intermolecular interactions and hence the molecular 





Figure 3.12 Angle dependent N-kedge NEXAFS spectra for (a) 1.5 nm and (b) 8 nm 
ClAlPc on C60 on ITO substrate, and (c) 1.5 nm, (d) 9 nm and (e) 16 nm TiOPc on C60 on 
ITO substrate. 
In contrast, the situation of TiOPc films on C60 is different. The tilt angle  
of the TiOPc plane can be also calculated with the method discussed above. 
As shown in Figure 3.12 (c)-(e), with increasing the TiOPc thickness from 1.5 
nm to 9 nm to 16 nm, the tilt angle increases from 36°± 5° to 46°± 5° to 
67°± 5°. The much smaller intrinsic dipole of TiOPc is not enough to induce 
the strong molecular aggregation in high thickness film. Thus the nearly 
random orientation is observed for TiOPc films with various thicknesses. The 
change of tilt angle is possibly caused by the combined effects of C-H 
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electrostatic interaction and - interaction between TiOPc and C60, as well as 
the weaker dipole-dipole interaction and - interaction between TiOPc 
themselves. The variation of the average orientations of TiOPc from thin to 
thick film could be the reason of the slight vacuum level and HOMO shift for 
TiOPc on C60, which is discussed previously.  
 
Figure 3.13 UPS spectra at (a) the low kinetic energy region (SECO), (b) the low binding 
energy region (the VB region) and (c) the corresponding VB region near the Fermi level 
during the sequential deposition of 5 nm ClAlPc on ITO. 
The molecular aggregation of ClAlPc is also reflected in the following UPS 
spectra of bare ClAlPc on ITO. As shown in Figure 3.13, the HOMO peak 
broadening and HOMO leading edge moving to lower binding energy are also 
observed when ClAlPc films are thick, with the accompanying upward shift of 
the vacuum level. This further suggests the large intrinsic dipole of ClAlPc 
and hence the large dipole-dipole interactions between ClAlPc molecules are 
the origin of the molecular aggregation that can lead to lying configuration, 
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band gap narrowing and the energy level shifts when ClAlPc film becomes 
thick. 
 
Figure 3.14 AFM images of (a) 40 nm C60, (b) and (d) 30 nm ClAlPc on 40 nm C60, and 
(c) and (e) 60 nm ClAlPc on 40 nm C60.  
 
 40 nm C60 30 nm ClAlPc on 
40 nm C60 
60 nm ClAlPc on 
40 nm C60 
Average Roughness 
( Ra) (nm) 
1.66 2.49 2.90 
Rough-mean-square  
Roughness (RMS) (nm) 
2.13 3.57 3.66 
Table 3.1 The average roughness (Ra) and the RMS roughness of 10×10 µm2 40 nm C60 
on quartz and 10×10 µm2 30 nm and 60 nm ClAlPc on 40 nm C60 on quartz. 
In order to study the morphologies of ClAlPc on C60, AFM measurements 
were carried out ex situ at RT by Vecco Digital instruments Dimension 3000 
SPM using taping mode. Figure 3.14 shows the AFM images of bare C60 and 
various thicknesses of ClAlPc on C60. As shown in Figure 3.14 (a), small 
uniformly distributed granules can be observed in bare C60 film. Upon 
depositing ClAlPc, larger ClAlPc grains are formed on C60 and the multilayer 
crystal-grain stacking displays the Vollmer-Weber (island starting at the first 
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monolayer) growth mode, as shown in 3.14(b)-(d). With increasing the 
thickness of ClAlPc from 40 nm (Figure 3.14 (b) and (d)) to 60 nm (Figure 
3.14 (c) and (e)), the grain height increases and the grain shape becomes more 
rod-like with larger length-width ratio. Table 3.1 summarizes the roughness of 
ClAlPc films on C60 with different thicknesses. Both the average roughness 
(Ra) and RMS roughness increase after depositing ClAlPc on C60 compared to 
bare C60. When increasing the thickness of ClAlPc from 30 nm to 60 nm, the 
roughness shows small increases. 
 
Figure 3.15 AFM images of (a) 100 nm ClAlPc and (b) 100 nm CuPc on glass. 
The morphology comparison of ClAlPc and CuPc on glass is also shown in 
Figure 3.15. Despite of the same film thickness, ClAlPc shows more flat and 
larger grain while CuPc shows obviously smaller grain with higher roughness. 
Overall, the morphologies of both films are similar which suggest the similar 
weak interaction between the phthalocyanines and the substrates.  
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3.3.3 Device Performance 
We fabricated model inverted OSC devices based on phthalocyanine/C60 
organic heterojunctions in order to establish the correlation between the 
interface properties and the device performance. The device structures and J-V 
curves under dark and simulated AM 1.5G light irradiation for ClAlPc/C60 and 
CuPc/C60 are shown in Figure 3.16. In order to directly correlate with the 
interface investigations, we used pristine ITO without further interface 
modification as bottom electrodes. The dark current curve of both devices 
exhibit obvious rectifying characteristic of the diode, indicating the normal 
working of devices. From the illumination curve, the obviously larger VOC of 
ClAlPc/C60 based device than the CuPc/C60 based device is observed.  
 
Figure 3.16 J-V curves for the cells with the architecture (a) 
ITO/C60(40nm)/ClAlPc(20nm)/MoO3(8nm)/Ag(100nm) and (b) 





Figure 3.17 Comparison of J-V curves for the cells with the architecture (a) 
ITO/C60(40nm)/ClAlPc(20nm)/MoO3(8nm)/Ag(100nm), (b) 
ITO/C60(40nm)/CuPc(20nm)/MoO3(8nm)/Ag(100nm) and (c) 















ClAlPc/C60 5.56 1.10 1.39 0.67 3.00 0.35 0.71 
CuPc/C60 4.77 0.65 0.97 0.37 3.48 0.51 0.66 
ZnPc/C60 4.98 0.76 1.01 0.35 3.39 0.52 0.62 
 
Table 3.2 Summary of derived parameters from the interface energy level study and the 
inverted solar cell device measurement for ClAlPc/C60, CuPc/C60 and ZnPc/C60 OOHs, 
including IP and HIB for ClAlPc, CuPc and ZnPc, measured energy offset between the 
HOMO of ClAlPc, CuPc or ZnPc and the LUMO of C60 [EHOMO(D)-LUMO(A)], Voc, Jsc, FF, 
and PCE from the model inverted solar cell devices. 
Figure 3.17 and Table 3.2 show the comparisons of performance of 
ClAlPc/C60, CuPc/C60 and ZnPc/C60 based devices. The VOC of the ClAlPc/C60 
device is measured to be 0.67 V, much larger than that of the CuPc/C60 device 
of 0.37 V and ZnPc/C60 device of 0.35 V. This is in good agreement with the 
interfacial ELA results. The large IP resulting in deep lying HOMO orbital of 
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ClAlPc at the heterojunction interface leads to a relatively large energy offset 
between the HOMO of ClAlPc and the LUMO of C60, thereby facilitating the 
observed large VOC in the ClAlPc/C60 based inverted solar cell device. 
Although the PCEs for these model devices are quite low, they can be further 
improved via various interface engineering approaches, such as ITO electrode 
modification to provide better matched energy levels to the LUMO of the C60 
layer, insertion of electron/hole blocking layers at the interfaces, and 
morphology control at OOH interfaces to maximize the donor-acceptor 
contact areas for efficient exciton 
dissociation.1-3,15,25,26,34,71,76,78,94,122-124,126,141,155-166,178  
 
3.4 Chapter Summary 
By using in-situ NEXAFS and UPS measurements, we provide a systematic 
investigation of the interface properties of ClAlPc/C60 organic heterojunctions 
in an inverted solar cell device configuration, including the molecular 
orientation and the interfacial ELA. It is found that the dipolar ClAlPc 
molecules on C60 film on ITO electrode adopt a lying configuration, which can 
facilitate the efficient charge transport in heterojunction based solar cell 
devices. It is also found that the large IP of ClAlPc leads to a deep lying 
HOMO at the ClAlPc/C60 heterojunction interface. This can result in the 
observed relatively large VOC of 0.67 V in the ClAlPc/C60 heterojunction 
based inverted solar cell model device, as compared to 0.37 V and 0.35 V in 
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the CuPc/C60 and ZnPc/C60 model devices respectively. Moreover, the light 
absorption measurements indicate that the inverted solar cell device 
configuration is ideal for ClAlPc/C60 heterjunction based solar cells due to the 
optimized light absorption. It is found that the large intrinsic dipole of ClAlPc 
could be the origin of its lying configuration and the bandgap narrowing due 
to strong dipole-dipole interaction. Our model system study clearly 
demonstrates the possibility to engineer the solar cell device performance by 
choosing suitable combination of matching donor/acceptor organic 




Chapter 4 Engineering the Heterojunction 
Interface Properties by CVD Graphene 
Interfacial Layer 
4.1 Introduction 
As discussed in Chapter 1, modern OSCs usually comprise additional 
interfacial layers between the electrode and the active layer. Among various 
functions of them in the device, the effect of the interfacial modification on the 
properties of active layer should be considered first. In this chapter, we 
provide an interfacial engineering approach of using CVD graphene as 
cathode interfacial layer in inverted OSCs and examine how CVD graphene 
modifies the donor-acceptor heterojunction. 
Graphene has been widely used in organic optoelectronic devices in the past 
few years due to its outstanding electronic transport and optical properties, 
excellent structural flexibility, chemical stability and the ease of chemical 
functionalization.179-184 In the field of OSCs, examples include the use of 
reduced graphene oxide (rGO) and CVD graphene as transparent electrode to 
replace ITO,65,66,185,186 the use of graphene or graphene derivatives as the 
active layers to generate light-induced charge carriers,187,188 or the use of 
graphene oxide (GO) as the anode buffer layer to replace or dope PEDOT:PSS, 
and hence to help transport holes and block electrons.76,185 It has also been 
reported that the solution-processed graphene or graphene composite can be 
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used as the anode in organic light-emitting diodes.189,190 For application in 
OFETs, due to the structural similarity between the graphene and π-conjugated 
organic molecules such as pentacene, CVD graphene has been used to 
effectively modify the source and drain electrodes to form better electrical 
contacts with pentacene.191,192  
The anode interfacial layers in OSCs are usually high work function 
materials, like PEDOT:PSS (5.2 eV)193, MoO3 (6.8 eV)194 and V2O5 (7.0 
eV)195. They can form better contact with the donor material with reduced hole 
injection barrier.196 Although the low work function of graphene of about 
4.2-4.5 eV65,171,179,184,187,197 prohibits its use as the anode buffer layer, it is 
desirable to be used at the cathode side. As discussed in previous chapters, 
inverted solar cells have achieved reasonably good power conversion 
efficiency, better device stability, longer lifetime and ease of integration with 
solution processing.46,193,198-200 Therefore, it is ideal to use CVD graphene as 
the cathode buffer layer in an inverted solar cell to satisfy the considerations 
of both the device stability and the low work function of graphene.  
CVD graphene was recently reported to be an effective structural template 
to control the interfacial molecular orientation of ClAlPc, making the ClAlPc 
molecules lie flat on the CVD graphene modified ITO electrode compared to 
the random orientations on bare ITO.171 In the present study, we demonstrate 
that CVD graphene film can also be used as an effective ITO electrode 
modifier to engineer the interface properties of organic donor-acceptor 
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heterojunctions. Copper-hexadecafluoro-phthalocyanine (F16CuPc) has been 
chosen as the acceptor material to integrate with the common p-type 
semiconductor CuPc to form OOHs. F16CuPc is an attractive alternative to the 
conventionally used C60 in small molecule based OSCs due to its broad light 
absorption (550-850 nm), high electron mobility (0.02-0.6 cm2V-1s-1) and 
excellent stability in air.201 The orientation and interfacial electronic structure 
of the OOHs on CVD graphene modified ITO and bare ITO have been studied 
by NEXAFS and UPS measurements, respectively. In contrast to the standing 
configuration on bare ITO, the heterojunction compromising F16CuPc and 
CuPc adopts a less standing configuration on the CVD graphene modified ITO 
electrode. Such templated less standing configuration of the F16CuPc/CuPc 
OOH results in a larger projection of the -stacking direction along the 
transport direction in a typical planar heterojunction based device, and hence 
could significantly enhance the charge transport efficiency along this direction. 
Moreover, the better aligned energy levels of the heterojunction on CVD 





4.2 Experimental Setup 
4.2.1 CVD Graphene Preparation and Transfer 
 
Figure 4.1 Schematics of the CVD system for graphene growth. CH4 is used as the 
carbon source while Ar/H2 is used as the carrier gas. Adapted from ref. 202, with 
permission from American Chemical Society. Copyright 2012. 
Figure 4.1 depicts the schematic experimental setup for CVD growth of 
graphene in this chapter. CVD is a process in which gaseous precursors are 
reactively transformed into a thin film, coating, or other solid-state material on 
the surface of a catalyst or substrate. Monolayer graphene films were 
synthesized via the CVD process on thermally annealed copper foil. The 
growth process involved heating the copper catalyst to high temperatures in a 
tube furnace and flowing gaseous of carbon CH4 as the precursor through the 
tube reactor.202 
To transfer the graphene films, normal wet-transfer technology based on 
polymethyl methacrylate (PMMA) was used.203,204 Firstly, PMMA was 
spin-coated onto the surface of graphene to provide support. The copper foil 
was then etched with FeCl3 and HCl solution overnight. After that, the 
graphene film with the PMMA support was rinsed in deionized water for 
several times and transferred to the clean ITO substrate. Finally, PMMA was 
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removed by immersing the substrates in acetone. 65,197,205  
 
4.2.2 Experimental Details 
The molecular orientation of organic films on both the CVD graphene 
modified ITO electrode and the bare ITO electrode was probed by 
angular-dependent NEXAFS measurement. NEXAFS spectra of N K-edge 
were recorded in AEY mode for thin F16CuPc (0.5 nm) on Graphene/ITO and 
TEY mode for all other thick films using 97% linearly polarized synchrotron 
light.139,142 The N K-edge NEXAFS spectra in AEY acquisition mode were 
collected by measuring the N KLL Auger electrons centered at 377 eV with a 
16 eV energy integration window. The interfacial electronic structures of the 
ITO/F16CuPc/CuPc and ITO/graphene/F16CuPc/CuPc were monitored by 
in-situ UPS measurements similar to Chapter 3. Before deposition, the CVD 
graphene modified ITO substrate was degassed at 300 °C in the UHV 
preparation chamber with pressure below 10-8 Torr overnight to get rid of 
PMMA residual. Sublimation purified F16CuPc and CuPc were evaporated in 
situ from two separate Kundsen cells onto the substrate. During the growth, 
the sample was held at RT and the deposition rate was 0.2 nm/min, calibrated 
by a QCM. 
The device fabrication and characterization process were similar to Chapter 
3. For the fabrication, F16CuPc, CuPc, MoO3 and Ag layers were also 
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sequentially thermally evaporated (1.2 nm/min for organic molecules, 0.6 
nm/min for MoO3 and 6.0 nm/min for Ag) in the vacuum chamber with a base 
pressure of ~10-7 mbar. 
 
4.3 Results and Discussion 
4.3.1 Orientation and Energy Level Alignment 
Figure 4.2 (b) shows the angle-dependent N K-edge NEXAFS spectra for 
10 nm F16CuPc on bare ITO. Similar to ClAlPc discussed in Chapter 3, the 
first three absorption peaks (397-405 eV) arise from the resonant transitions 
from the N 1s core level into different π* orbitals of F16CuPc. The broad 
absorption peaks at higher photon energies (405-420 eV) are the transitions to 
the σ* states.3 For the disk-shaped F16CuPc, the π* orbitals also orient 
essentially perpendicular to the molecular plane and the σ* orbitals orient in 
the molecular plane.3 As shown in Figure 4.2 (b), the intensity of the π* 
absorption peaks of F16CuPc is suppressed at grazing incidence (=20°) and 
greatly enhanced at normal incidence (=90°). This indicates that the F16CuPc 
molecules adopt a standing configuration with their molecular π-plane 
oriented nearly perpendicular to the substrate surface. The tilt angle of the 
F16CuPc molecular plane with respect to the substrate plane can be also 
calculated by the equation discussed previously using the intensity ratio R () 
=I (90°)/I (20°), 
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2 21( ) 1 (3cos 1)(3cos 1)
2
I a     , 
where is the synchrotron light incidence angle The average tilt angle for 10 
nm F16CuPc is estimated to be 79°±5°. In contrast, as shown in Figure 4.2 (c) 
and (d), the π* resonance of F16CuPc on the graphene modified ITO substrate 
is greatly enhanced at grazing incidence but largely depressed at normal 
incidence. The tilt angle is estimated to be 34°±5° for 0.5 nm F16CuPc on 
grapheme modified ITO substrate, showing that the F16CuPc molecules adopt 
almost lying configuration with their molecular π-plane stacking having a 
large projection along the direction perpendicular to the substrate surface. The 
thicker 10 nm F16CuPc film on grapheme also has a similar orientation with an 




Figure 4.2 (a) Schematic drawing showing the molecular structures of F16CuPc and CuPc. 
Angle-dependent N-edge NEXAFS spectra for (b) 10 nm F16CuPc on the bare ITO, (c) 
0.5 nm and (d) 10 nm F16CuPc on the graphene modified ITO. 
Such templating effect on the molecular orientation of organic films can be 
even reflected on the top organic layer in an OOH using the CVD graphene 
modified ITO electrode. As shown in Figure 4.3 (a), after further deposition of 
10 nm CuPc on 10 nm F16CuPc film on the bare ITO electrode, CuPc 
molecules still adopt an apparently standing configuration on the standing 
F16CuPc film with the tilt angle estimated to be 74°±5°, as revealed by the 
angle-dependent NEXAFS measurement.3 On the other hand, CuPc molecules 
show less standing configuration with the tilt angle estimated to be 42°±5° on 
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the F16CuPc film on the CVD grapheme modified ITO (Figure 4.3 (b)). Due to 
the interfacial π-π interaction, F16CuPc molecules orient with their stacked 
molecular π-plane possessing a large projection along the surface normal on 
the CVD graphene modified ITO electrode. The exposed molecular π-plane of 
the less standing F16CuPc molecules can be further used as a structural 
template to engineer the molecular orientation of the CuPc film deposited on 
top, arising from the intermolecular π-π interaction. It has been previously 
reported that a lying F16CuPc/CuPc heterojunction can be grown on the bulk 
graphite substrate, arising from the directional interfacial π-π interactions 
between the π electrons in graphite and those in F16CuPc and CuPc.206 Our 
present study confirms that even monolayer graphene can realize the same 
structural templating effect in controlling the molecular orientation in organic 
donor-acceptor heterojunctions. Compared to graphite, CVD graphene can 
readily be transferred to arbitrary substrates for surface functionalization and 
integration into organic electronic devices. Furthermore, the highly electrically 
conductive and optically transparent properties are also distinct advantages of 
graphene over graphite to be used in optoelectronic devices in which light 
transmission through the substrate is critical.65,66 With such less standing 
configuration of the F16CuPc/CuPc heterojunction on the CVD graphene 
modified ITO substrate, the π-plane stacking direction of the molecules has 
larger projection along the direction normal to the substrate surface, as 
compared with the standing OOH on the bare ITO. When operated in an OSC 
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device, the molecular π-plane stacking direction is essentially oriented closer 
to the charge transport direction, hence facilitating efficient charge transport in 
the organic heterojunction fabricated on the CVD graphene modified ITO 
electrode. 
 
Figure 4.3 Angle-dependent N K-edge NEXAFS spectra for 10 nm CuPc on 10 nm 
F16CuPc on (a) the bare ITO and (b) the graphene modified ITO. 
The molecular orientation strongly affects the ELA at OOH 
interfaces.3,99,206,207 To evaluate the ELA at the F16CuPc/CuPc heterojunction 
interface on the CVD graphene modified ITO substrate, in-situ UPS 
measurements were carried out. For comparison, we firstly investigated the 
ELA of the standing F16CuPc/CuPc heterojunction on the bare ITO substrate. 
Figure 4.4 shows the evolution of the thickness-dependent UPS spectra for 10 
nm CuPc on 10 nm F16CuPc on the bare ITO. As displayed in Figure 4.4 (a), 
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the vacuum level shifts to the higher kinetic energy gradually by 1.48 ± 0.02 
eV with the increase of the thickness of F16CuPc film. In another words, the 
WF gradually increases by 1.48 ± 0.02 eV after the growth of 10 nm F16CuPc 
on bare ITO. At the same time, the HOMO leading edge of F16CuPc moves 
towards lower binding energy and finally locates at 0.98 ± 0.02 eV. After 
further deposition of CuPc molecules, a downward shift of the vacuum level 
by 2.02 ± 0.02 eV is observed, or the WF decreases by 2.02 ± 0.02 eV after 
growing 10 nm CuPc. Meanwhile, the HOMO leading edge of the CuPc film 
gradually moves to the higher binding energy and finally locates at 1.10 ± 0.02 
eV. This indicates a significant charge transfer has occurred at the 
F16CuPc/CuPc heterojunction interface fabricated on the bare ITO. 
 
Figure 4.4 UPS spectra at (a) the low kinetic energy region (SECO), (b) the low binding 
energy region (the VB region) and (c) the corresponding VB region near the Fermi level 




Figure 4.5 UPS spectra at (a) the low kinetic energy region (SECO), (b) the low binding 
energy region (the VB region) and (c) the corresponding VB region near the Fermi level 
during the sequential deposition of 10 nm CuPc on 10 nm F16CuPc on the CVD graphene 
modified ITO. 
In contrast, the degree of charge transfer at the F16CuPc/CuPc 
heterojunction interface grown on the CVD graphene modified ITO is much 
smaller compared with that on bare ITO. As shown in Figure 4.5 (c) and (a), 
after deposition of 10 nm F16CuPc on the CVD graphene modified ITO, the 
HOMO leading edge is almost aligned at 1.32 ± 0.02 eV, associated with a 
rather small upward vacuum level shift of about 0.76 ± 0.02 eV. As shown in 
Figure 4.5 (c), after the sequential deposition of CuPc on the F16CuPc on CVD 
graphene modified ITO, the CuPc HOMO leading edge gradually moves to the 
higher binding energy and finally locates at 0.67 ± 0.02 eV for 10 nm CuPc on 
10 nm F16CuPc. It is worth highlighting that the vacuum level downward shift 
at this F16CuPc/CuPc heterojunction interface is measured to be about 1.02 ± 
0.02 eV, much smaller compared with that grown on the bare ITO. This 
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indicates that a much weaker charge transfer occurs at the F16CuPc/CuPc 
heterojunction interface grown on the CVD graphene modified ITO. 
 
4.3.2 Morphology 
In order to study the morphologies of molecules on ITO and the 
graphene/ITO, AFM measurements were carried out. Before depositing 
molecules, the morphologies of bare ITO and the graphene modified ITO were 
characterized in Figure 4.6 (a) and Figure 4.6 (b). The bare ITO shows the 
structure with uniformly distributed granules of various scales. From the 
roughness table (Table 4.1), we can see the ITO is of good quality with the 
rough-mean-square (RMS) roughness to be 1.56 nm in the 5 ×5 µm2 image 
size. The graphene on ITO shows the similar morphology and a slightly larger 
RMS roughness to be 1.93 nm in the 5 ×5 µm2 image size.  
 






  Bare ITO G/ITO 
Ra (nm) 1.04 1.27 
RMS (nm) 1.56 1.93 
Table 4.1 The average roughness (Ra) and the RMS roughness of 5×5 µm2 bare ITO and 
the CVD graphene/ITO. 
 After sequentially depositing 10 nm F16CuPc and 10 nm CuPc on both 
substrates, the multilayer crystal-grain stacking displays the Vollmer-Weber 
(islands starting at the first monolayer) growth mode on both substrates.1 As 
shown in Figure 4.7 (b), the CuPc on F16CuPc on ITO shows closely packed 
short rod like structure, with the RMS roughness measured to be 2.55 nm in 
the 2×2 µm2 image size (Table 4.2). The CuPc on F16CuPc on graphene/ITO 
shows different morphology with the loosely packed clusters (Figure 4.7 (d)). 
The roughness increases a lot compared to the CuPc on F16CuPc on ITO 
(Table 4.2). It is attributed to the different interaction between the molecules 
with the ITO and with the graphene/ITO. The hydrophobic phthalocyanine 
molecules tend to aggregate on graphene due to the relatively larger surface 
energy of the graphene compared to the ITO.2-3 Thus more clusters and high 
islands of the molecules are observed on graphene/ITO. However, the 
morphology of the molecules on the graphene still suggests that the molecular 




Figure 4.7 AFM images (2 ×2 µm2) of (a) bare ITO, (b) 10 nm CuPc on 10 nm F16CuPc 




CuPc on F16CuPc on 
ITO 
CuPc on F16CuPc on 
Graphene/ITO 
Ra (nm) 1.98 4.33 
RMS (nm) 2.55 6.12 
Table 4.2 The average roughness (Ra) and the RMS roughness of 2 ×2 µm2 CuPc on 
F16CuPc on ITO and on Graphene/ITO. 
 
4.3.3 Mechanism 
The energy level diagrams of the two systems are illustrated in Figure 4.8. 
The HOMO positions are derived from the UPS measurements. The transport 
band gap (HOMO-LUMO gap) and hence the LUMO positions are taken from 
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previously reported IPES measurements.208 Clearly, we can observe a much 
larger vacuum level shift or change in WF at the standing F16CuPc/CuPc 
heterojunction interface fabricated on the bare ITO compared with that at the 
less standing F16CuPc/CuPc heterojunction interface on the CVD graphene 
modified ITO. This is accompanied by a larger HOMO onset shift and 
interfacial charge transfer for the standing OOH on the bare ITO, as can been 
in Figure 4.8 (a). Since the charge transfer at the standing CuPc/F16CuPc 
interface is very strong, the Fermi level is first pinned at the HOMO edge after 
the depletion of all the gap states at the low thickness region of CuPc. Further 
increasing the thickness of the CuPc leads to the Fermi level moving into the 
HOMO-LUMO gap and pinned at the gap states above the HOMO due to the 
weaker charge transfer away from the interface.209 In particular, the large 
charge transfer at the standing OOH interface grown on bare ITO results in the 
formation of an electron accumulation layer in the n-type F16CuPc layer and a 
hole accumulation layer in the p-type CuPc layer, i.e, the formation of an 
accumulation-type OOH. This could serve as an additional energy barrier for 
electrons (holes) transferring to the n (p)-type organic semiconductor under 
light illumination. The charge accumulation in the standing accumulation-type 
OOH may prohibit effective light-induced charge separation at the 
donor-acceptor interface, thereby leading to low PCE.3,209-213 Such undesirable 
effect can be minimized in some extent by growing the less standing OOHs on 
the CVD graphene modified ITO. As shown in Figure 4.8 (b), the charge 
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transfer at the lying F16CuPc/CuPc interface is much weaker, as indicated by 
the much smaller vacuum level shift and the change of the hole injection 
barrier measured to be 1.02±0.02 eV and 0.33±0.02 eV respectively. By using 
the CVD graphene modified ITO as cathode in an inverted OSC device, due to 
the small WF of graphene (~ 4.34 ±0.02 eV in this work), a reasonably small 
EIB between the F16CuPc LUMO and the Fermi level is estimated to be 
around 0.48 ±0.02 eV, indicating its potential use in inverted OSCs.  
 
Figure 4.8 Schematic energy level diagrams of (a) the standing CuPc film on the standing 
F16CuPc film on the bare ITO and (b) the less standing CuPc film on the less standing 
F16CuPc film on the CVD graphene modified ITO. 
 
4.3.4 Device Characterization 
To evaluate the effect of the interfacial graphene layer on the organic 
heterojunction properties, we fabricated the F16CuPc/CuPc heterojunction 
based model devices on the bare ITO and the graphene modified ITO. The 
device structures and J-V curves with linear scale and log scale under dark and 
simulated AM 1.5G light illumination are illustrated in Figure 4.9. As shown 
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in Figure 4.9 (c) and (e), the device on the bare ITO possesses a very 
conducting characteristic with large dark current and no apparent diode 
property. As revealed by our interface investigation, a strong interfacial charge 
transfer and large band-bending occur at the F16CuPc/CuPc heterojunction 
interface on the bare ITO, and hence the formation of accumulation-type 
heterojunction. This could lead to the observed highly conducting nature of the 
standing F16CuPc/CuPc heterojunction on the bare ITO under dark, in 
consistent with previous reports,24, 214-217 demonstrating their potential uses as 
charge generation layer in tandem organic light emitting diodes or the 
interconnection layer in the tandem OSCs.218,219 In particular, as shown in 
Figure 4.9 (c) and (e), light illumination does not induce an apparent 
conductance enhancement. The standing F16CuPc/CuPc heterojunction on the 
bare ITO is highly self-doped due to the strong interfacial charge transfer. The 
light illumination induced charge carriers could not significantly increase the 
charge carrier concentration of this heterojunction, and thereby there is no 
obvious light induced conductivity enhancement. In contrast, for the device on 
the CVD graphene modified ITO [Figure 4.9 (d) and (f)], the light induced 
photocurrent in the forward bias condition is about one order of magnitude 
higher as compared to the dark current. The graphene interfacial layer can 
modulate the molecular orientation of the F16CuPc thin films from the 
standing configuration on the bare ITO with the tilt angle of 79°±5° to the less 
standing configuration with the tilt angle of 38°±5°. This results in a 
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significantly reduced degree of charge transfer at the F16CuPc/CuPc 
heterojunction interfaces, and hence largely decreases the interfacial charge 
transfer induced charge carrier concentration of the heterojunction on the 
graphene modified ITO. Light illumination on this less doped heterojunction 
could effectively increase the charge carrier concentration, and hence the 
observation of the obvious light induced conductivity enhancement. Although 
the F16CuPc/CuPc is not an ideal donor-acceptor system for OSC devices, it 
clearly demonstrates the effect of the graphene layer to engineer the organic 
heterojunction interface properties.  
 
Figure 4.9 Schematic illustration of the device structure (a) ITO/F16CuPc (35 nm)/CuPc 
(25 nm)/MoO3 (8 nm)/Ag (100 nm) and (b) ITO/CVD graphene/F16CuPc (35 nm)/CuPc 
(25 nm)/MoO3 (8 nm)/Ag (100 nm). Linear scale J-V curves for the device (c) without 
graphene or (d) with graphene. Log scale J-V curves for the device (e) without graphene 
or (f) with graphene. 
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4.4 Chapter Summary 
CVD graphene has been demonstrated as an effective ITO electrode 
modifier to manipulate the molecular orientation of the F16CuPc/CuPc OOH, 
resulting in a transition from the standing OOH on the bare ITO to a less 
standing OOH with the molecular π-plane stacking adopting a large projection 
along the charge transport direction (i.e., perpendicular to the electrode 
surface). The less standing configuration in OOH could improve the efficiency 
of charge transport when operated in planar heterojunction based device. As 
demonstrated by in-situ UPS measurements, the low work function of CVD 
graphene leads to a small EIB between the n-type F16CuPc with large EA and 





Chapter 5 Interface Investigation of 
Alcohol-/Water-Soluble Conjugated Polymer 
PFN as Cathode Interfacial Layers in OSCs 
5.1 Introduction 
As discussed in Chapter 1, the insertion of interfacial layers between the 
active layer and the electrode usually leads to high efficiency of 
OSCs.16,17,220-222 The enhancement could originate from the modified 
properties of the donor-acceptor heterojunction by interfacial layers, as 
discussed in the previous chapter. It could also originate from enhanced charge 
collection and extraction from active layer to the electrode by interfacial 
layers.60 This chapter will focus on discussing how the interfacial layers help 
collecting and extracting charges. 
For the cathode interfacial layer, improving the electron collection and 
extraction is the key issue. The maximum efficiency is only achieved when the 
Fermi level of the cathode is aligned with the LUMO of the acceptor material 
(ohmic contact), thanks to the barrier-less charge injection and extraction.60 
On the other hand, if the electrode contact is far from being an ohmic contact, 
S-shaped J-V curve would occur and the VOC and FF would get badly 
influenced.74,223  
There are a lot of well-known cathode interfacial layers. Zinc oxide (ZnO) 
and titanium oxide (TiOx) are the most common cathode interfacial layers, 
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both in conventional and inverted solar cells. They can serve as an 
electron-selective contact due to their high electron mobility and energy level 
matching with the acceptor material such as  PCBM.50-54 Other cathode 
interfacial layers such as lithium fluoride (LiF), bathocuporoine (BCP) and 
bathophenanthroline (Bphen) are also commonly used in OSCs, especially in 
the conventional structure. The cathode WF lowering via the formation of a 
dipole layer of LiF43-45 and the hole blocking by the large band gap of BCP 
and Bphen55-57 are proposed to be the main reasons they are effective as 
interfacial layers.  
Among the organic interfacial layers, alcohol-/water-soluble polymers can 
be promising candidates. Due to the polar groups on their side chains224-228, 
these polymers can be easily dissolved in environmental-friendly polar 
solvents, such as alcohol and water. The orthogonal solubility of them with the 
active layer, which is usually dissolved in less polar solvents such as 
chlorobenzene, makes them ideal interfacial layers since the interface mixing 
problem can be avoided.229 Many groups have demonstrated that the use of 
alcohol-/water-soluble polymers as cathode interfacial layers can effectively 
enhance the efficiency of OSCs, such as poly(ethylene oxide) (PEO),230,231 
ethoxylated polyethylenimine (PEIE) and polyethylenimine (PEI),232 (WPF-oxy-F) 
and (WPF-6-oxy-F).226,233 He et al. has recently reported that an inverted solar 




dioctylfluorene)] (PFN) as the cathode interfacial layer achieved high PCE of 
about 9.2%, with a simple device structure. The devices based on PFN showed 
superior performance over the ZnO-based devices (9.15% versus 8.35%).234 
As shown in Figure 5.1 (a), PFN is a polyfluorene derivative with amino 
groups attached at the end of its side chain. The amino groups facilitate the 
dissolution of PFN in polar solvents such as methanol to achieve orthogonal 
solubility with the active layer. In their former paper, they also demonstrated 
the simultaneous enhancement of VOC, JSC and FF in conventional solar cell 
structure with PFN as the cathode interfacial layer.235 They proposed that PFN 
could form interface dipole and contributed to the enhancement of the built-in 
potential across the device with the results of scanning Kelvin probe 
microscopy (SPKM) and space-charge-limited current (SCLC) 
measurement.235 
 
Figure 5.1 Schematic drawing showing (a) the molecular structure of PFN and (b) PFN 
as the cathode interfacial layer in an inverted solar cell structure. 
In this chapter, we investigated how PFN could work as efficient cathode 
interfacial layer from the view of interface ELA. Common small molecules 
C60 and PCBM were chosen as the model acceptor materials to be evaporated 
on PFN. As shown in Figure 5.1 (b), the interface between C60 or PCBM and 
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PFN in the configuration of an inverted solar cell structure was investigated. 
For comparison, ELA at C60/ZnO interface and at C60 (or PCBM)//TiO2 
interface was also investigated. 
 
5.2 Experimental Details 
In-situ UPS measurements were similar to the previous chapters.236 Vacuum 
level shifts were determined from UPS spectra at low-kinetic energy onset 
(SECO) with -10 V or -5 V sample bias. Vacuum-sublimation purified C60 and 
PCBM molecules were thermally evaporated onto the substrates at RT from a 
Knudsen cell in the growth chamber. Deposition rates of ~0.2 nm/min for C60 
and ~0.1 nm/min for PCBM were precalibrated by a QCM under similar 
growth conditions. The nominal thickness of the organic films was estimated 
from the attenuation of the Si 2p peak intensity from the SiO2 substrate before 
and after deposition.237  
Prior to the UPS measurements, the solvent-cleaned ITO substrates were 
treated with O2 plasma for 4 minutes to remove carbon contamination. For 
preparing the PFN film on ITO substrate, after 4 minutes O2 plasma treatment, 
0.5 mg/mL PFN methanol solution was spin coated on the substrate at 2000 
rpm for 50 seconds. The thickness of PFN was estimated to be 10 nm.234 In 
terms of ZnO or TiO2 thin film on ITO substrate, zinc acetate or tetrabutyl 
titanate precursor solution was dip coated on O2 plasma treated ITO substrate, 
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following annealing in the air to obtain respective oxide film. The thickness of 
them was characterized from scanning electron microscope (SEM) to be 30-40 
nm.52,238 
For the fabrication of single charge carrier devices, the ITO substrate and 
the PFN film on ITO substrate were loaded into the device growth chamber 
with a base pressure of ~10-7 mbar. The C60, Bphen and Al layers were 
sequentially thermally evaporated (1.2 nm/min for organic molecules and 6.0 
nm/min for Al) and deposited on the substrates. 
 
5.3 Results and Discussion 
5.3.1 C60 series 
5.3.1.1 Energy Level Alignment  
 
Figure 5.2 XPS spectra of 10 nm PFN on ITO glass prepared by spin coating 0.5 mg/mL 




Firstly, the XPS spectra of 10 nm PFN on ITO prepared by spin coating 0.5 
mg/mL PFN methanol solution are shown in Figure 5.2. The spectra show the 
existence of PFN with C 1s and N 1s located at 285.20 ± 0.05 eV and 399.85 ± 
0.05 eV clearly presented. Due to the low ratio of N element in PFN, N 1s is 
relatively weak. Although the chemical environment of C element in PFN is 
not exactly the same, the difference is not very obvious due to the lack of 
strong electron withdrawing or electron donating groups. The only one single 
peak located at 285.20 ± 0.05 eV contains carbon signals from C-C single 
bonds, aromatic C-C bonds, C-H bonds and C-N bonds from PFN as well as 
unavoidable small amounts of surface carbon contamination.239 It can be 
observed that the In and O signals from the ITO substrate are very strong from 
the ratio of In and O to C in Figure 5.2 (a) and the smooth shape of In spectra 
in Figure 5.2 (b), indicating that the PFN film is very thin. The N 1s peak 
located at 399.85 ± 0.05 eV indicates the C-N bonds in PFN.240  
Figure 5.3 (a) and (b) show the evolution of the thickness dependent UPS 
spectra of sequential deposition of 12 nm C60 on PFN modified ITO glass. The 
bottom spectra correspond to PFN modified ITO glass. The WF derived from 
the SECO in Figure 5.3 (a) is measured to be 3.60 ± 0.02 eV. During the 
deposition of C60 from 0.2 nm to 12 nm, the SECO gradually shifts to high 
kinetic energy, indicating an increased sample WF or upward shift of the 
substrate vacuum level. After depositing 12 nm C60, the WF is measured to be 
4.18 ± 0.02 eV. This suggests that there is significant charge transfer at the 
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PFN/C60 interface. Meanwhile, the HOMO leading edge of C60 gradually 
moves from 2.22 ± 0.02 eV at 0.5 nm towards the lower binding energy and is 
located at 2.10 ± 0.02 eV at 12 nm, as shown in Figure 5.3 (b). To get a better 
view of the variation trend of WF and the energy levels, Figure 5.3 (c) and (d) 
display the plot of the WF and LUMO edge of C60 as a function of C60 
thickness, which are derived from the UPS spectra [the LUMO is obtained by 
adding the transport band gap (HOMO-LUMO gap) of C60 2.30 eV241 to the 
HOMO, according to previously reported UPS and IPES measurements.241,242 
The WF of C60 on PFN increases rapidly at the low thickness region (<4 nm) 
and tends to saturate at high thickness region (>4 nm). The Fermi level is 
nearly pinned to the LUMO edge of C60 when it is in direct contact with PFN. 
The LUMO edge position of C60 increases very slowly with increasing the 
thickness of C60, finally located at 0.2 ± 0.02 eV above the Fermi level when 





Figure 5.3 UPS spectra at (a) the low kinetic energy region (SECO) and (b) the VB 
region near the Fermi level during the sequential deposition of 12 nm C60 on PFN 
modified ITO glass. The plot of (c) the WF and (d) LUMO edge of C60 on PFN as a 
function of C60 film thickness. 
 
Figure 5.4 UPS spectra at (a) the low kinetic energy region (SECO) and (b) the VB 
region near the Fermi level during the sequential deposition of 10 nm C60 on ZnO covered 




As a comparison, the ELA between ZnO and C60 is also investigated. Figure 
5.4 (a) and (b) show the UPS spectra of depositing C60 on ZnO covered ITO 
glass incrementally. The WF and VB onset of ZnO film are measured to be 
4.14 ± 0.02 eV and 3.12 ± 0.02 eV. After depositing C60, the SECO also shifts 
to high kinetic energy which indicates upward vacuum level shift. The WF of 
10 nm C60 increases to 4.60 ± 0.02 eV. This suggests charge transfer occurred 
at the ZnO/C60 interface. At the same time, the HOMO leading edge of 10 nm 
C60 moves from 1.83 ± 0.02 eV at 0.5 nm to 1.68 ± 0.02 eV at 10 nm. Figure 
5.4 (c) and (d) plot the WF and LUMO variation of C60 during the deposition. 
The WF of C60 on ZnO also increases rapidly at low thickness region (< 2 nm) 
and saturates at high thickness region (>2 nm). The LUMO in this case is not 
that close to the Fermi level as the situation when C60 is deposited on PFN, 




Figure 5.5 UPS spectra at (a) the low kinetic energy region (SECO) and (b) the low 
binding energy region (the VB region) and (c) the corresponding VB region near the 
Fermi level during the sequential deposition of 12 nm C60 on bare ITO glass. 
In order to understand the mechanism of the interfacial layers, UPS 
measurements of C60 on TiO2, and on bare ITO glass and bare ITO/PET were 
also carried out.  Figure 5.5 shows the evolution of the thickness dependent 
UPS spectra of 12 nm C60 on O2 plasma treated ITO glass. The bottom spectra 
correspond to the pristine ITO glass. The WF of it is measured to be 4.94 ± 
0.02 eV in Figure 5.5 (a). Upon depositing C60 from 0.5 nm to 12 nm, the 
vacuum level keeps nearly aligned all the time. This suggests there is 
negligible charge transfer between C60 and ITO glass. Figure 5.5 (c) shows 
that the HOMO leading edge of 12 nm C60 is located at 1.34 ± 0.02 eV below 




Figure 5.6 UPS spectra at (a) the low kinetic energy region (SECO) and (b) the VB 
region near the Fermi level during the sequential deposition of 12 nm C60 on TiO2 
covered ITO glass. The plot of (c) the WF and (d) LUMO edge of C60 on TiO2 as a 
function of C60 film thickness. 
In Figure 5.6 (a) and (b), the UPS spectra of C60 on TiO2 film covered ITO 
glass are displayed. The WF and VB onset of the TiO2 film are measured to be 
4.46 ± 0.02 eV and 2.64 ± 0.02 eV. The vacuum level shifts about 0.2 eV with 
the increasing coverage of C60 thin film. The WF and HOMO leading edge of 
12 nm C60 on TiO2 film are 4.67 ± 0.02 eV and 1.64 ± 0.02 eV, respectively. 
Figure 5.6 (c) and (d) plot the WF and LUMO variation of C60. The WF 
change suggests that there is also certain degree of charge transfer between 
TiO2 and C60 and the upward band bending. The LUMO of C60 changes from 
0.58 ± 0.02 eV at 0.5 nm to 0.66 ± 0.02 eV at 12 nm, much further away from 
Fermi level than that in PFN/C60 case.  
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As supplementary information, Figure 5.7 shows the XPS spectra of the as 
prepared ZnO and TiO2 films which are used in the UPS measurements. The 
Zn 2p3/2 located at 1021.7 eV (Figure 5.7 (b)) and the Ti 2p3/2 located at 458.2 
eV (Figure 5.7 (d)) match well with the XPS standard spectra of ZnO and TiO2, 
clearly suggesting the existence of the ZnO and TiO2 films respectively. Since 
the ZnO or TiO2 films are dip coated on ITO glass, the O 1s spectra 
incorporate the signals of ZnO or TiO2 and the ITO underneath. From the wide 
scan spectra, no prominent C 1s peak is observed, suggesting the zinc and 
titanium precursors are converted into oxides.  
 
Figure 5.7 XPS spectra of (a) Wide scan, (b) Zn 2p and (c) O 1s of the prepared ZnO film, 




Figure 5.8 UPS spectra at (a) the low kinetic energy region (SECO) and (b) the VB 
region near the Fermi level during the sequential deposition of 12 nm C60 on PFN 
modified ITO/PET. The plot of (c) the WF and (d) LUMO edge of C60 on PFN as a 
function of C60 film thickness. 
As aforementioned in Chapter 1, PET is a thermoplastic polymer resin that 
enables device to be fabricated on a flexible substrate. To check the ELA of 
PFN on C60 on a stretchable substrate, thickness-dependent UPS 
measurements were carried out for C60 on PFN on ITO/PET and C60 on bare 
ITO/PET. Figure 5.8 shows the UPS spectra of sequentially deposition C60 on 
PFN on ITO/PET. As shown in Figure 5.8 (a), the WF of PFN on ITO/PET is 
measured to be 3.52 ± 0.02 eV, in good agreement with 3.60 ± 0.02 eV of PFN 
on ITO glass. The SECO is also shifting to higher kinetic energy with 
increasing the thickness of C60, which indicates significant charge transfer 
between PFN and C60. Similarly, Figure 5.8 (b) shows that the HOMO leading 
edge of C60 gradually moves from 2.14 ± 0.02 eV at 0.5 nm to 2.03 ± 0.02 eV 
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at 12 nm. From the WF variation plot in Figure 5.8 (c), we can observe rapid 
increase of WF at low thickness region (< 1 nm) and tendency of saturation at 
high thickness region (> 1 nm). The LUMO edge of C60 variation displayed in 
Figure 5.8 (d) shows that the Fermi level is nearly pinned to the LUMO edge 
of C60 at the close contact with PFN. When increasing the thickness of C60, the 
LUMO edge slowly moves upward to be 0.27 ± 0.02 eV at 12 nm. The result 
agrees well with the PFN on C60 on ITO glass.  
 
Figure 5.9 UPS spectra at (a) the low kinetic energy region (SECO) and (b) the low 
binding energy region (the VB region) and (c) the corresponding VB region near the 
Fermi level during the sequential deposition of 12 nm C60 on bare ITO/PET. 
In the same way, Figure 5.9 (a) displays the thickness-dependent UPS 
spectra when depositing C60 on bare ITO/PET substrate. The WF of ITO/PET 
is measured to be 4.97 ± 0.02 eV. There is only a slight vacuum level shift 
about 0.15 ± 0.02 eV during the deposition of C60 from 0.5 nm to 12 nm. The 
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low binding energy part is shown in Figure 5.9 (b) and (c) indicates the 
HOMO edge is nearly unchanged and aligns at 1.22 ± 0.02 eV. The result 
further confirms that there is negligible charge transfer between C60 and ITO 
and the LUMO level of C60 is not as close to the Fermi level as compared to 
that in PFN based system since the HOMO is located at lower binding energy. 
In a word, these results based on ITO/PET confirm the role of PFN in making 
a difference in ELA and suggest that the flexible ITO/PET substrate can 
function as well as ITO/glass in a device from the view of ELA. 
 
5.3.1.2 Morphology 
Figure 5.10 (a) and (b) show the morphologies of C60 on PFN modified ITO 
glass and on ZnO covered ITO glass in the 2 ×2 µm2 image size characterized 
by AFM ex situ at RT. The AFM measurement was carried out on the same 
films for UPS measurements after taking out the samples from the vacuum 
chamber. The morphologies are similar which indicates that morphology is not 
the reason for the performance enhancement of the PFN based devices 




Figure 5.10 AFM images (5µm × 5µm) showing the morphology for (a) 12 nm C60 on 
PFN modified ITO glass and (b) 10 nm C60 on ZnO covered ITO glass. 
 
5.3.1.3 Mechanism 
Figure 5.11 (a) summarizes the UPS spectra at the VB region near the Fermi 
level after the deposition of 10 nm C60 on ZnO and 12 nm C60 on bare ITO 
glass, PFN and TiO2. For C60 on bare ITO glass, the HOMO edge of C60 is 
located at 1.34 ± 0.02 eV. The positions of HOMO edge of C60 are similar on 
both ZnO (1.68 ± 0.02 eV) and TiO2 (1.64 ± 0.02 eV). In contrast, the HOMO 
edge of C60 located at 2.10 ± 0.02 eV on PFN is extraordinary, which means 
the LUMO edge of C60 is just located right above the Fermi level. The ELA of 
the above-mentioned different model systems are summarized from Figure 
5.11 (b) to (e). The WF, the HOMO position of C60 and the VB of metal oxides 
(ZnO and TiO2) are obtained from our UPS measurements. The transport band 
gap (HOMO-LUMO gap) and hence the LUMO position of C60 are taken from 
previously reported IPES.241,242 For PFN, the HOMO and LUMO positions are 
113 
 
derived from the IP (5.61 eV) and electron affinity (EA=2.14 eV) of it 
measured by electrochemical studies.229,243 The CB of the metal oxides is 
derived from the sum of the VB measured and the gap reported in the 
literature, 3.3 eV and 3.2 eV for ZnO and TiO2 respectively.52,238 For C60 on 
bare ITO glass in Figure 5.11 (b), nearly vacuum level alignment is observed, 
suggesting that there is negligible charge transfer between ITO and C60. The 
LUMO of C60 is derived to be located at 0.96 eV above the Fermi level, which 
is far from being an ohmic contact. Thus electron extraction from C60 to 
cathode is not favorable. In contrast, in Figure 5.11 (c), the vacuum level of 
C60 shows significant increase (about 0.58 ± 0.02 eV) and the LUMO is just 
located right above the Fermi level (about 0.20 ± 0.02 eV). Due to the low WF 
of PFN, electrons transfer from PFN modified ITO to C60. Since PFN has large 
band gap about 3.47 eV (Figure 5.11 (c)), it is unlikely that electrons from any 
density of states (DOS) of PFN would transfer to the LUMO of the C60. It can 
be regarded that the electrons are tunneling from the Fermi level of ITO to the 
LUMO of C60. The low thickness of PFN (10 nm) makes the tunneling process 
possible. The strong signal of the ITO substrate underneath the PFN film as 
shown in the XPS spectra in Figure 5.2 also suggests that the PFN film is thin 
enough for the tunneling process. The resulting electron doping effect makes 
the Fermi level very close to the LUMO of C60. The nearly ohmic contact 
ensures barrier-less extraction of photo-generated electrons from the LUMO of 
C60 to the electrode under the working conditions of the solar cell.244 For the 
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interface between C60 and ZnO or TiO2, as shown in Figure 5.11 (d) and (e), 
the vacuum level shift is smaller compared to the C60/PFN interface, which 
indicates the degree of charge transfer is not that strong. The energy difference 
between the LUMO of C60 and the Fermi level of the electrode is not close 
enough to form an ideal ohmic contact at the interface. This suggests that PFN 
would be more effective in electron extraction. In the cases of C60/ZnO and 
C60/TiO2, under the working conditions of the solar cell, photo-generated 
electrons can also be collected by hopping from the LUMO of C60 to the CB 
of ZnO or TiO2. However, this mechanism requires more stringent 
well-ordered crystalline film of ZnO or TiO2 than PFN in order to facilitate 
efficient electron transport.245,246 
 
Figure 5.11 (a) UPS spectra at the VB region near the Fermi level after the deposition of 
10 nm C60 on ZnO and 12 nm C60 on bare ITO glass, on PFN and on TiO2. Schematic 
energy level diagrams of C60 on (b) ITO glass, (c) PFN, (d) ZnO and (e) TiO2. 
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Due to the large degree of charge transfer between C60 and PFN modified 
ITO electrode through electron tunneling from ITO to C60, an additional 
electric field forms across the PFN interfacial layer with the positive charges 
in ITO and negative charges in C60, oriented in the same favorable direction 
for electron extraction as the built-in field, as shown in Figure 5.12.244 This 
electric field exerts additional force to attract the electrons in C60 to the 
cathode, largely facilitating the electron extraction under the working 
condition of OSCs. 
 
Figure 5.12 The schematic of the additional electric field that can help extract electrons 




5.3.1.4 Device Characterization 
In order to investigate the PFN interlayer on the electron extraction from 
C60 to the electrode, single charge carrier devices (i.e., electron-only devices) 
based on C60 with PFN and without PFN were fabricated to correlate with the 
interface study. Figure 5.13 (a) and (b) show the configurations of the two 
electron-only devices. The ITO electrode is modified with PFN interfacial 
layer in Figure 5.13 (b), as compared to the bare ITO electrode in Figure 5.13 
(a). At the metal electrode side, Bphen is used as the hole blocking interlayer. 
The direction of current is relative to the ITO electrode. As shown in Figure 
5.13 (c), when PFN is used as the interfacial layer, the current density has 
improved around one order of magnitude in the reverse bias, indicating better 
electron extraction between the ITO electrode and C60 with the PFN interlayer 
modification. 
 
Figure 5.13 Schematic illustration of the single charge carrier device structure (a) 
ITO/C60 (100 nm)/Bphen (10 nm)/Al (100nm) and (b) ITO/ PFN (10 nm)/C60 (100 nm)/ 
Bphen (10 nm)/Al (100 nm). (c) Log scale J-V curves for the single charge carrier devices 




5.3.2 PCBM Series 
As previously introduced in Chapter 1, PCBM is the derivative of C60 which 
can be integrated in solution-processed device fabrication. The P3HT:PCBM 
is the benchmark active layer in OSC devices. To check the role of PFN in 
PCBM based devices, interface investigation of PCBM/PFN was carried out. 
In our experiments, PCBM was vacuum-deposited like C60 to facilitate in-situ 
investigation without exposure to moisture and oxygen.247,248 
 
Figure 5.14 UPS spectra at (a) the low kinetic energy region (SECO) and (b) the low 
binding energy region (the VB region) and (c) the corresponding VB region near the 







 WF of the 
substrate (eV) 
WF of 10 nm PCBM on 
the substrate (eV) 
HOMO edge position of 
10 nm PCBM on the 
substrate (eV) 
PCBM on PFN 3.51 ± 0.02 3.62 ± 0.02 1.86 ± 0.02 
PCBM on TiO2 4.45 ± 0.02 4.32 ± 0.02 1.49 ± 0.02 
PCBM on ITO 4.98 ± 0.02 4.66 ± 0.02 1.18 ± 0.02 
Table 5.1 Summary of WF of the substrate, WF of 10 nm PCBM on the substrate and 
HOMO edge position of 10 nm PCBM on the substrates PFN, TiO2 and ITO respectively. 
Figure 5.14 shows the UPS spectra of 10 nm PCBM on PFN, TiO2 and ITO. 
The VB of PCBM shown in Figure 5.14 (b) has similar shape with that of C60 
and agrees well with the previously reported literature.249,250 Due to different 
WFs of the substrates, the SECO and VB position of 10 nm PCBM on 
different substrates vary. The values of the WF of the original substrates and 
10 nm PCBM on different substrates, as well as the HOMO leading edge of 10 
nm PCBM on different substrates are summarized in Table 5.1. The values of 
WF of the three substrates are similar to that used in the C60 systems discussed 
above. Clearly, the HOMO leading edge of PCBM on PFN is located at 
highest binding energy among the three systems. At the meantime, the WF of 
10 nm PCBM is lowest on PFN than that on TiO2 and bare ITO due to the 
lowest WF of the PFN substrate. To get a better view of the ELA of the three 
systems, Figure 5.15 shows the energy level diagrams. Similarly, the transport 
band gap (HOMO-LUMO gap) and hence the LUMO position are taken from 
previously reported literature.251,252 The HOMO and LUMO positions of PFN 
are derived from electrochemical studies as discussed above. As shown in 
Figure 5.15 (a), the LUMO position of PCBM on PFN is located just 0.14 ± 
0.02 eV above the Fermi level. This makes the PCBM/PFN an ohmic contact 
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that ensures barrier-less extraction of photo-generated electrons from the 
LUMO of PCBM to the electrode under the working conditions of solar cell. 
In contrast, the energy difference between the LUMO of PCBM and the Fermi 
level of the electrode is not close enough to form an ideal ohmic contact at 
PCBM/TiO2 interface and PCBM/bare ITO interface as shown in 5.15 (b) and 
(c). This suggests that PFN would also be more effective in electron extraction 
from PCBM to the electrode. Similarly, due to the low WF of PFN, electrons 
can transfer from PFN modified ITO to PCBM. At PCBM/PFN/ITO interface, 
the electrons are tunneling from the Fermi level of ITO to the LUMO of 
PCBM. The resulting electron doping effect makes the Fermi level very close 
to the LUMO of PCBM. In contrast, in PCBM/TiO2 and PCBM/ITO system, 
the phenomenon of Fermi level pinning to LUMO of PCBM is not observed 
since electrons can not easily flow from the substrate to PCBM due to the 
much higher WF of TiO2 and bare ITO. Different from C60 based system in 
which vacuum level alignment or slightly upward vacuum level shift can be 
observed at C60/ITO or C60/TiO2 interface, the downward vacuum level shift 
for both systems should be attributed to the partial ordering of the PCBM film 
which would induce a dipole step through the intrinsic molecular dipole of 
PCBM. The phenomenon has been reported in other literatures.250 For the 
same reason, the upward vacuum level shift at PCBM/PFN interface is not as 
obvious as at C60/PFN interface. The intrinsic molecular dipole step from the 
partial ordering PCBM film should have offset the vacuum level shift caused 
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by charge transfer at PCBM/PFN interface. It should be noted that the IP of 
PCBM is slightly smaller on PFN (5.48 eV) than on TiO2 (5.81 eV) and ITO 
(5.84 eV). Experiments have been repeated several times to confirm this point. 
The reason of the smaller IP of PCBM on PFN could origin from the relatively 
strong interaction between the active groups of PFN and PCBM, or the change 
of the orientation of partial ordering, which should be investigated further. 
 
Figure 5.15 Schematic energy level diagrams of PCBM on (a) PFN, (b) TiO2 and (c) ITO. 
Figure 5.16 shows the AFM images about different scales for 10 nm PCBM 
on PFN and TiO2 respectively. The AFM measurement was also carried out on 
the same films for UPS measurements ex situ at RT after taking out the 
samples from the vacuum chamber. The morphologies are quite uniform for 
PCBM on both PFN and TiO2. The Vollmer-Weber growth mode (islands 
starting at the first monolayer) for the multilayer crystal-grain stacking is 
observed for PCBM on both substrates.162 The grain size of PCBM on PFN is 
slightly larger compared to that on TiO2. Xia et al. once reported that PFN has 
more hydrophobic surface than bare ITO.253 It is possible that PFN is more 
compatible with PCBM due to their organic nature and hydrophobic 
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characteristics than inorganic TiO2 which is similar to ITO, which results in 
slight larger grains of PCBM on PFN.254 Overall, the morphologies are similar 
for PCBM on both substrates, which indicate that morphology is not the 
reason of PFN for the enhancement of the devices compared to TiO2 based 
devices.  
 
Figure 5.16 AFM images (2µm ×2µm) and (1µm ×1µm) showing the morphology for (a) 
and (c) 10 nm PCBM on PFN modified ITO/PET, and (b) and (d) 10 nm PCBM on TiO2 
covered ITO glass respectively.  
 
5.4 Chapter Summary 
Due to the low work function of PFN, there is significant electron transfer 
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from PFN modified ITO electrode to the acceptor material C60 or PCBM 
through electron tunneling, as revealed by in-situ UPS measurements. The 
resulting doping effect can make the Fermi level close to the LUMO of the C60 
or PCBM and hence facilitates the formation of ohmic contact at the 
acceptor/cathode interface. The accumulated positive charges in ITO and 
negative charges in C60 due to the large degree of charge transfer also exert 
additional electric field to extract the electrons. The better electron extraction 
is confirmed by the electrical measurements of the electron-only devices with 
PFN as the interfacial layer, which is believed to contribute to the performance 




Chapter 6 Conclusions and Future Research 
6.1 Thesis Summary 
In this thesis, we aim to investigate the interface properties in OSCs. We 
have presented how interface properties of donor-acceptor heterojunction 
determine the device performance, and the effect of interfacial layers on 
donor-acceptor heterojunction and charge extraction at the electrode. We have 
also provided the CVD graphene interfacial engineering approaches according 
to interface investigation. 
We first investigate how interface properties of the donor-acceptor 
heterojunction itself determine the device performance in OSCs. As discussed 
in Chapter 3, ClAlPc was chosen as the donor material to integrate with the 
acceptor C60 to construct model donor-acceptor system. It is found that the 
dipolar ClAlPc molecules on C60 film on ITO electrode adopt a lying 
configuration which can facilitate efficient charge transport in heterojunction 
based OSC devices. As comparisons, non-dipolar CuPc exhibits standing 
configuration while TiOPc with smaller dipole shows random configuration on 
C60 film. It is speculated that the extraordinary large intrinsic dipole of ClAlPc 
facilitates the lying configuration due to the molecular aggregation. The 
molecular aggregation caused by the strong dipole-dipole interaction of 
ClAlPc also results in the bandgap narrowing and absorption extending into 
near infrared region, which is beneficial for the photogeneration in OSC 
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devices. The optimized light absorption can be also achieved due to the 
smaller band gap of ClAlPc in an inverted solar cell device configuration. 
Besides, the deeply located HOMO level of ClAlPc on C60 in an inverted OSC 
device configuration can lead to a large VOC. As comparisons, the HOMO of 
CuPc, ZnPc and TiOPc on C60 in the inverted OSC device configuration is not 
as deep as that of ClAlPc. From the performance of model devices, the 
relatively larger VOC of 0.67 V can be observed in ClAlPc/C60 heterojunction 
based inverted OSC device, as compared with 0.37 V and 0.35 V in CuPc/C60 
and ZnPc/C60 heterojunction based devices. The findings suggest that the 
proper control of the molecular dipole in the donor-acceptor heterojunction 
can be very important to manipulate the orientation, ELA and molecular 
aggregation of the active layer materials to achieve high performance OSC 
devices.  
We also examine the effect of interfacial layer on donor-acceptor 
heterojunction. As discussed in Chapter 4, CVD graphene can serve as an 
effective interfacial layer to engineer the interface properties of donor-acceptor 
heterojunction. The large -plane of graphene serves as a good template to 
convert the molecules from standing configuration to less standing 
configuration, which is attributed to the- stacking interaction between 
graphene and the molecules. Besides, the synergistic favorable ELA of the 
F16CuPc/CuPc heterojunction on the graphene is also observed. This can be 
explained by the orientation dependent ELA. The less standing F16CuPc/CuPc 
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heterojunction tends to have less charge accumulation at the interface due to 
the reduced degree of charge transfer. The significance of this study is that it 
demonstrates how the interfacial layer can alter the interface properties of the 
active layer and provides a powerful tool to tune the donor-acceptor interface 
properties by CVD graphene. 
Lastly we investigate how the interface properties of interfacial layers 
determine charge extraction from the active layer to the electrode. PFN, as a 
very efficient cathode interfacial layer material, is examined carefully with the 
comparison of common cathode interfacial layer materials such as ZnO and 
TiO2 as discussed in Chapter 5. Due to the low WF of PFN, there is significant 
electron transfer from PFN modified ITO electrode to the acceptor material 
C60 or PCBM through electron tunneling, as revealed by in-situ UPS 
measurements. The resulting doping effect can make the Fermi level close to 
the LUMO of the C60 or PCBM and hence facilitates the formation of ohmic 
contact at the acceptor/cathode interface. The accumulated positive charges in 
ITO and negative charges in C60 due to the large degree of charge transfer also 
exert additional electric field to extract the electrons. The better electron 
extraction is confirmed by the electrical measurements of the electron-only 
devices with PFN as the interfacial layer, which is believed to contribute to the 
performance enhancement of OSCs based on PFN. In contrast, the energy 
difference between the LUMO of C60 and the Fermi level of the electrode is 
not close enough to form ideal ohmic contact at the interface of C60/ZnO and 
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C60 (or PCBM)/TiO2, suggesting that PFN would be more effective in electron 
extraction. These studies would enable us to better understand the electron 
extraction mechanism of the efficient cathode interfacial layer and thus 
develop new efficient materials.  
Overall, in this thesis, the interface properties of the donor-acceptor 
heterojunction and the effect of interfacial layers on both the properties of the 
active layer and the charge extraction to the electrode are carefully examined. 
Proper interfacial engineering approaches are addressed, such as the control of 
molecular orientation and ELA by manipulation of dipole-dipole interaction 
using material with large intrinsic dipole and - interaction using CVD 
graphene. These results provide valuable information on the understandings of 
the relationship between interface properties and the performance of OSC. 
These interfacial engineering approaches can also have significance in 
providing implications for the design of OSC materials and devices. 
 
6.2 Future Work  
In this dissertation, we have looked into model donor-acceptor systems that 
can be vacuum-deposited to form well-defined films, since it is difficult to 
determine the interface properties of solution-processed polymer 
donor-acceptor system due to the complexity of the randomly mixed system 
and the charging problem of PES technique used in the experiments. Given to 
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the rapid development of the solution-processed polymer OSC systems, the 
in-depth understanding of the interface properties is essentially important. 
Further research is therefore needed to develop new experimental methods to 
investigate the solution-processed polymer OSC systems. Carefully 
controlling the thickness of films to avoid charging problem is necessary when 
investigating the interface in solution-processed OSCs by PES measurements. 
Recently, several groups have investigated the interface properties related to 
benchmark solution-processed polymers in OSCs such as P3HT and F8BT in 
this way.96,255,256 Other methods to prepare high-quality thin films such as 
“on-the-fly dispensing spin-coating” the lift-off technique can also be applied 
to the sample preparation for PES measurements. They can either be used to 
achieve smooth and continuous ultrathin film or to expose originally buried 
interface in bulk heterojunction to reflect the real scenario of the 
interface.252,263 Besides, the in-situ electrical measurements can also be a 
technique to investigate the interface properties of solution-processed polymer 
heterojunction since it is free from the affection of thick film and comparable 






  (1) Ishii, H.; Sugiyama, K.; Ito, E.; Seki, K. Adv. Mater. 1999, 11, 605-625. 
 (2) Brumbach, M.; Placencia, D.; Armstrong, N. R. J. Phys. Chem. C 2008, 112, 
3142-3151. 
 (3) Chen, W.; Qi, D. C.; Huang, H.; Gao, X. Y.; Wee, A. T. S. Adv. Funct. Mater. 
2011, 21, 410-424. 
 (4) Hafner, J. H.; Cheung, C. L.; Woolley, A. T.; Lieber, C. M. Prog. Biophys. Mol. 
Biol. 2001, 77, 73-110. 
 (5) http://www.eyesolarlux.com/Solar-simulation-energy.htm. 
 (6) Chu, S.; Majumdar, A. Nature 2012, 488, 294-303. 
 (7) Dincer, I. Renewable Sustainable Energy Rev. 2000, 4, 157-175. 
 (8) Li, G.; Zhu, R.; Yang, Y. Nat. Photonics 2012, 6, 153-161. 
 (9) Thompson, B. C.; Fréchet, J. M. J. Angew. Chem. Int. Ed. 2008, 47, 58-77. 
 (10) Lee, O. P.; Yiu, A. T.; Beaujuge, P. M.; Woo, C. H.; Holcombe, T. W.; Millstone, 
J. E.; Douglas, J. D.; Chen, M. S.; Fréchet, J. M. J. Adv. Mater. 2011, 23, 5359-5363. 
 (11) He, Z.; Zhong, C.; Su, S.; Xu, M.; Wu, H.; Cao, Y. Nat. Photonics 2012, 6, 
591-595. 
 (12) Green, M. A. Prog. Photovoltaics Res. Appl. 2012, 20, 472-476. 
 (13) http://www.heliatek.com/. 
 (14) Tang, C. W. Appl. Phys. Lett. 1986, 48, 183-185. 
 (15) Koch, N. ChemPhysChem 2007, 8, 1438-1455. 
 (16) Steim, R.; Kogler, F. R.; Brabec, C. J. J. Mater. Chem. 2010, 20, 2499-2512. 
 (17) Chen, L.-M.; Xu, Z.; Hong, Z.; Yang, Y. J. Mater. Chem. 2010, 20, 2575-2598. 
 (18) Ma, H.; Yip, H.-L.; Huang, F.; Jen, A. K. Y. Adv. Funct. Mater. 2010, 20, 
1371-1388. 
 (19) Hains, A. W.; Liang, Z.; Woodhouse, M. A.; Gregg, B. A. Chem. Rev. 2010, 110, 
6689-6735. 
 (20) Kobayashi, N.; Furuyama, T.; Satoh, K. J. Am. Chem. Soc. 2011, 133, 
19642-19645. 
 (21) Dai, J.; Jiang, X.; Wang, H.; Yan, D. Appl. Phys. Lett. 2007, 91, 253503. 
 (22) Reddy, P. Y.; Giribabu, L.; Lyness, C.; Snaith, H. J.; Vijaykumar, C.; 
Chandrasekharam, M.; Lakshmikantam, M.; Yum, J.-H.; Kalyanasundaram, K.; Grätzel, 
M.; Nazeeruddin, M. K. Angew. Chem. Int. Ed. 2007, 46, 373-376. 
 (23) Rand, B. P.; Xue, J. G.; Yang, F.; Forrest, S. R. Appl. Phys. Lett. 2005, 87, 
233508. 
 (24) Dai, J.; Jiang, X.; Wang, H.; Yan, D. Thin Solid Films 2008, 516, 3320-3323. 
 (25) Placencia, D.; Wang, W. N.; Gantz, J.; Jenkins, J. L.; Armstrong, N. R. J. Phys. 
Chem. C 2011, 115, 18873-18884. 
 (26) Placencia, D.; Wang, W. N.; Shallcross, R. C.; Nebesny, K. W.; Brumbach, M.; 
Armstrong, N. R. Adv. Funct. Mater. 2009, 19, 1913-1921. 
 (27) Abe, T.; Tobinai, S.; Taira, N.; Chiba, J.; Itoh, T.; Nagai, K. J. Phys. Chem. C 
2011, 115, 7701-7705. 
129 
 
 (28) Kim, J.; Yim, S. Mater. Res. Bull. 2012, 47, 2744-2747. 
 (29) Cooling, N.; Burke, K. B.; Zhou, X.; Lind, S. J.; Gordon, K. C.; Jones, T. W.; 
Dastoor, P. C.; Belcher, W. J. Sol. Energy Mater. Sol. Cells 2011, 95, 1767-1774. 
 (30) Helgesen, M.; Sondergaard, R.; Krebs, F. C. J. Mater. Chem. 2010, 20, 36-60. 
 (31) Nguyen, T.-Q.; Martini, I. B.; Liu, J.; Schwartz, B. J. J. Phys. Chem. B 1999, 
104, 237-255. 
 (32) Jiang, X.; Xu, H.; Yang, L.; Shi, M.; Wang, M.; Chen, H. Sol. Energy Mater. Sol. 
Cells 2009, 93, 650-653. 
 (33) Liu, J.; Shi, Y.; Yang, Y. Adv. Funct. Mater. 2001, 11, 420-424. 
 (34) Yu, G.; Gao, J.; Hummelen, J. C.; Wudl, F.; Heeger, A. J. Science 1995, 270, 
1789-1791. 
 (35) Bao, Z.; Dodabalapur, A.; Lovinger, A. J. Appl. Phys. Lett. 1996, 69, 
4108-4110. 
 (36) Li, G.; Shrotriya, V.; Huang, J.; Yao, Y.; Moriarty, T.; Emery, K.; Yang, Y. Nat. 
Mater. 2005, 4, 864-868. 
 (37) Park, S. H.; Roy, A.; Beaupre, S.; Cho, S.; Coates, N.; Moon, J. S.; Moses, D.; 
Leclerc, M.; Lee, K.; Heeger, A. J. Nat. Photonics 2009, 3, 297-302. 
 (38) Liang, Y.; Xu, Z.; Xia, J.; Tsai, S.-T.; Wu, Y.; Li, G.; Ray, C.; Yu, L. Adv. Mater. 
2010, 22, E135-E138. 
 (39) Haddock, J. N.; Zhang, X.; Domercq, B.; Kippelen, B. Org. Electron. 2005, 6, 
182-187. 
 (40) Imahori, H.; Fukuzumi, S. Adv. Funct. Mater. 2004, 14, 525-536. 
 (41) Reyes-Reyes, M.; Kim, K.; Dewald, J.; López-Sandoval, R.; Avadhanula, A.; 
Curran, S.; Carroll, D. L. Org. Lett. 2005, 7, 5749-5752. 
 (42) Reyes-Reyes, M.; Kim, K.; Carroll, D. L. Appl. Phys. Lett. 2005, 87, 083506. 
 (43) Shaheen, S. E.; Jabbour, G. E.; Morrell, M. M.; Kawabe, Y.; Kippelen, B.; 
Peyghambarian, N.; Nabor, M. F.; Schlaf, R.; Mash, E. A.; Armstrong, N. R. J. Appl. Phys. 
1998, 84, 2324-2327. 
 (44) Jonsson, S. K. M.; Carlegrim, E.; Zhang, F.; Salaneck, W. R.; Fahlman, M. Jpn. 
J. Appl. Phys., Part 1 2005, 44, 3695-3701. 
 (45) Brabec, C. J.; Shaheen, S. E.; Winder, C.; Sariciftci, N. S.; Denk, P. Appl. Phys. 
Lett. 2002, 80, 1288-1290. 
 (46) Liao, H. H.; Chen, L. M.; Xu, Z.; Li, G.; Yang, Y. Appl. Phys. Lett. 2008, 92, 
173303. 
 (47) Li, G.; Chu, C.-W.; Shrotriya, V.; Huang, J.; Yang, Y. Appl. Phys. Lett. 2006, 88, 
253503. 
 (48) Huang, J.; Xu, Z.; Yang, Y. Adv. Funct. Mater. 2007, 17, 1966-1973. 
 (49) Lo, M. F.; Ng, T. W.; Liu, T. Z.; Roy, V. A. L.; Lai, S. L.; Fung, M. K.; Lee, C. 
S.; Lee, S. T. Appl. Phys. Lett. 2010, 96, 113303. 
 (50) Hau, S. K.; Yip, H.-L.; Baek, N. S.; Zou, J.; O'Malley, K.; Jen, A. K. Y. Appl. 
Phys. Lett. 2008, 92, 253301. 
 (51) White, M. S.; Olson, D. C.; Shaheen, S. E.; Kopidakis, N.; Ginley, D. S. Appl. 
Phys. Lett. 2006, 89, 143517. 




 (53) Kim, J. Y.; Kim, S. H.; Lee, H. H.; Lee, K.; Ma, W.; Gong, X.; Heeger, A. J. Adv. 
Mater. 2006, 18, 572-576. 
 (54) Lee, K.; Kim, J. Y.; Park, S. H.; Kim, S. H.; Cho, S.; Heeger, A. J. Adv. Mater. 
2007, 19, 2445-2449. 
 (55) Peumans, P.; Forrest, S. R. Appl. Phys. Lett. 2001, 79, 126-128. 
 (56) Chan, M. Y.; Lee, C. S.; Lai, S. L.; Fung, M. K.; Wong, F. L.; Sun, H. Y.; Lau, 
K. M.; Lee, S. T. J. Appl. Phys. 2006, 100, 094506. 
 (57) Tang, J. X.; Zhou, Y. C.; Liu, Z. T.; Lee, C. S.; Lee, S. T. Appl. Phys. Lett. 2008, 
93, 043512. 
 (58) Wei, Q.; Nishizawa, T.; Tajima, K.; Hashimoto, K. Adv. Mater. 2008, 20, 
2211-2216. 
 (59) Tada, A.; Geng, Y.; Nakamura, M.; Wei, Q.; Hashimoto, K.; Tajima, K. Phys. 
Chem. Chem. Phys. 2012, 14, 3713-3724. 
 (60) Po, R.; Carbonera, C.; Bernardi, A.; Camaioni, N. Energy Environ. Sci. 2011, 4, 
285-310. 
 (61) Kim, J. S.; Park, J. H.; Lee, J. H.; Jo, J.; Kim, D.-Y.; Cho, K. Appl. Phys. Lett. 
2007, 91, 112111. 
 (62) Pandey, A. K.; Nunzi, J.-M. Appl. Phys. Lett. 2006, 89, 213506. 
 (63) Brabec, C. J.; Sariciftci, N. S.; Hummelen, J. C. Adv. Funct. Mater. 2001, 11, 
15-26. 
 (64) Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J.-S.; Zheng, Y.; Balakrishnan, J.; Lei, 
T.; Ri Kim, H.; Song, Y. I.; Kim, Y.-J.; Kim, K. S.; Ozyilmaz, B.; Ahn, J.-H.; Hong, B. H.; 
Iijima, S. Nat. Nanotechnol. 2010, 5, 574-578. 
 (65) Wang, Y.; Tong, S. W.; Xu, X. F.; Ozyilmaz, B.; Loh, K. P. Adv. Mater. 2011, 23, 
1514-1518. 
 (66) De Arco, L. G.; Zhang, Y.; Schlenker, C. W.; Ryu, K.; Thompson, M. E.; Zhou, 
C. W. ACS Nano 2010, 4, 2865-2873. 
 (67) Rowell, M. W.; Topinka, M. A.; McGehee, M. D.; Prall, H.-J.; Dennler, G.; 
Sariciftci, N. S.; Hu, L.; Gruner, G. Appl. Phys. Lett. 2006, 88, 233506. 
 (68) Dan, B.; Irvin, G. C.; Pasquali, M. ACS Nano 2009, 3, 835-843. 
 (69) Hu, L.; Kim, H. S.; Lee, J.-Y.; Peumans, P.; Cui, Y. ACS Nano 2010, 4, 
2955-2963. 
 (70) Lee, J.-Y.; Connor, S. T.; Cui, Y.; Peumans, P. Nano Lett. 2008, 8, 689-692. 
 (71) Chen, L. M.; Hong, Z. R.; Li, G.; Yang, Y. Adv. Mater. 2009, 21, 1434-1449. 
 (72) Krebs, F. C. Org. Electron. 2009, 10, 761-768. 
 (73) Krebs, F. C.; Gevorgyan, S. A.; Alstrup, J. J. Mater. Chem. 2009, 19, 
5442-5451. 
 (74) Tress, W.; Leo, K.; Riede, M. Adv. Funct. Mater. 2011, 21, 2140-2149. 
 (75) Armstrong, N. R.; Wang, W.; Alloway, D. M.; Placencia, D.; Ratcliff, E.; 
Brumbach, M. Macromol. Rapid Commun. 2009, 30, 717-731. 
 (76) Gao, Y. Mater. Sci. Eng., R 2010, 68, 39-87. 
 (77) Clarke, T. M.; Durrant, J. R. Chem. Rev. 2010, 110, 6736-6767. 
 (78) Braun, S.; Salaneck, W. R.; Fahlman, M. Adv. Mater. 2009, 21, 1450-1472. 
131 
 
 (79) Chen, H.-Y.; Hou, J.; Zhang, S.; Liang, Y.; Yang, G.; Yang, Y.; Yu, L.; Wu, Y.; 
Li, G. Nat. Photonics 2009, 3, 649-653. 
 (80) Zhao, G.; He, Y.; Li, Y. Adv. Mater. 2010, 22, 4355-4358. 
 (81) Günes, S.; Neugebauer, H.; Sariciftci, N. S. Chem. Rev. 2007, 107, 1324-1338. 
 (82) Semiconducting Polymers, Vol. 1 (Eds: G. Hadziioannou, G. G. Malliaras), 
Wile-VCH, Weinheim 20007. 
 (83) Chu, T.-Y.; Lu, J.; Beaupré, S.; Zhang, Y.; Pouliot, J.-R.; Wakim, S.; Zhou, J.; 
Leclerc, M.; Li, Z.; Ding, J.; Tao, Y. J. Am. Chem. Soc. 2011, 133, 4250-4253. 
 (84) Li, Y.; Zou, Y. Adv. Mater. 2008, 20, 2952-2958. 
 (85) Peet, J.; Kim, J. Y.; Coates, N. E.; Ma, W. L.; Moses, D.; Heeger, A. J.; Bazan, 
G. C. Nat. Mater. 2007, 6, 497-500. 
 (86) Blouin, N.; Michaud, A.; Leclerc, M. Adv. Mater. 2007, 19, 2295-2300. 
 (87) Mühlbacher, D.; Scharber, M.; Morana, M.; Zhu, Z.; Waller, D.; Gaudiana, R.; 
Brabec, C. Adv. Mater. 2006, 18, 2884-2889. 
 (88) Scharber, M. C.; Mühlbacher, D.; Koppe, M.; Denk, P.; Waldauf, C.; Heeger, A. 
J.; Brabec, C. J. Adv. Mater. 2006, 18, 789-794. 
 (89) Rand, B. P.; Burk, D. P.; Forrest, S. R. Phys. Rev. B: Condens. Matter 2007, 75, 
115327. 
 (90) Huo, L.; Hou, J.; Zhang, S.; Chen, H.-Y.; Yang, Y. Angew. Chem. Int. Ed. 2010, 
49, 1500-1503. 
 (91) Boudreault, P.-L. T.; Najari, A.; Leclerc, M. Chem. Mater. 2010, 23, 456-469. 
 (92) Kim, J.-H.; Song, C. E.; Kang, I.-N.; Shin, W. S.; Hwang, D.-H. Chem. 
Commun. 2013, 49, 3248-3250. 
 (93) Hou, J.; Chen, H.-Y.; Zhang, S.; Chen, R. I.; Yang, Y.; Wu, Y.; Li, G. J. Am. 
Chem. Soc. 2009, 131, 15586-15587. 
 (94) Tang, J. X.; Lee, C. S.; Lee, S. T. J. Appl. Phys. 2007, 101, 064504. 
 (95) Zhong, S.; Zhong, J. Q.; Mao, H. Y.; Zhang, J. L.; Lin, J. D.; Chen, W. Phys. 
Chem. Chem. Phys. 2012, 14, 14127-14141. 
 (96) Meyer, J.; Hamwi, S.; Kröger, M.; Kowalsky, W.; Riedl, T.; Kahn, A. Adv. 
Mater. 2012, 24, 5408-5427. 
 (97) Chen, W.; Qi, D.-C.; Huang, H.; Gao, X.; Wee, A. T. S. Advanced Functional 
Materials 2011, 21, 410-424. 
 (98) Yi, Y.; Coropceanu, V.; Brédas, J.-L. J. Am. Chem. Soc. 2009, 131, 
15777-15783. 
 (99) Duhm, S.; Heimel, G.; Salzmann, I.; Glowatzki, H.; Johnson, R. L.; Vollmer, A.; 
Rabe, J. P.; Koch, N. Nat. Mater. 2008, 7, 326-332. 
 (100) Salzmann, I.; Duhm, S.; Heimel, G.; Oehzelt, M.; Kniprath, R.; Johnson, R. L.; 
Rabe, J. P.; Koch, N. J. Am. Chem. Soc. 2008, 130, 12870-12871. 
 (101) Gordan, O. D.; Sakurai, T.; Friedrich, M.; Akimoto, K.; Zahn, D. R. T. Org. 
Electron. 2006, 7, 521-527. 
 (102) Sullivan, P.; Jones, T. S.; Ferguson, A. J.; Heutz, S. Appl. Phys. Lett. 2007, 91, 
233114. 




 (104) Yang, J. L.; Schumann, S.; Jones, T. S. J. Mater. Chem. 2011, 21, 5812-5816. 
 (105) Rand, B. P.; Cheyns, D.; Vasseur, K.; Giebink, N. C.; Mothy, S.; Yi, Y.; 
Coropceanu, V.; Beljonne, D.; Cornil, J.; Brédas, J.-L.; Genoe, J. Adv. Funct. Mater. 2012, 
22, 2987-2995. 
 (106) Cheng, C. H.; Wang, J.; Du, G. T.; Shi, S. H.; Du, Z. J.; Fan, Z. Q.; Bian, J. M.; 
Wang, M. S. Appl. Phys. Lett. 2010, 97, 083305. 
 (107) Chen, L.-M.; Hong, Z.; Li, G.; Yang, Y. Adv. Mater. 2009, 21, 1434-1449. 
 (108) Hoppe, H.; Sariciftci, N. S. J. Mater. Chem. 2006, 16, 45-61. 
 (109) Lee, J. K.; Ma, W. L.; Brabec, C. J.; Yuen, J.; Moon, J. S.; Kim, J. Y.; Lee, K.; 
Bazan, G. C.; Heeger, A. J. J. Am. Chem. Soc. 2008, 130, 3619-3623. 
 (110) Dou, L.; You, J.; Hong, Z.; Xu, Z.; Li, G.; Street, R. A.; Yang, Y. Adv. Mater. 
2013, 25, 6642-6671. 
 (111) Lipomi, D. J.; Chiechi, R. C.; Reus, W. F.; Whitesides, G. M. Adv. Funct. 
Mater. 2008, 18, 3469-3477. 
 (112) Coakley, K. M.; McGehee, M. D. Chem. Mater. 2004, 16, 4533-4542. 
 (113) Allen, J. E.; Black, C. T. ACS Nano 2011, 5, 7986-7991. 
 (114) Takanezawa, K.; Hirota, K.; Wei, Q.-S.; Tajima, K.; Hashimoto, K. J. Phys. 
Chem. C 2007, 111, 7218-7223. 
 (115) Baek, W.-H.; Seo, I.; Yoon, T.-S.; Lee, H. H.; Yun, C. M.; Kim, Y.-S. Sol. 
Energy Mater. Sol. Cells 2009, 93, 1587-1591. 
 (116) Zhu, X. Y. Surf. Sci. Rep. 2004, 56, 1-83. 
 (117) Zhu, X. Y. Annu. Rev. Phys. Chem. 2002, 53, 221-247. 
 (118) Muller, E. A.; Johns, J. E.; Caplins, B. W.; Harris, C. B. Phys. Rev. B: Condens. 
Matter 2011, 83, 165422. 
 (119) Yamamoto, R.; Yamamoto, I.; Mikamori, M.; Yamada, T.; Miyakubo, K.; 
Munakata, T. Surf. Sci. 2011, 605, 982-986. 
 (120) Yang, A.; Shipman, S. T.; Garrett-Roe, S.; Johns, J.; Strader, M.; Szymanski, P.; 
Muller, E.; Harris, C. J. Phys. Chem. C 2008, 112, 2506-2513. 
 (121) Varene, E.; Martin, I.; Tegeder, P. J. Phys. Chem. Lett. 2011, 2, 252-256. 
 (122) Kahn, A.; Koch, N.; Gao, W. Y. J. Polym. Sci., Part B: Polym. Phys. 2003, 41, 
2529-2548. 
 (123) Armstrong, N. R.; Wang, W. N.; Alloway, D. M.; Placencia, D.; Ratcliff, E.; 
Brumbach, M. Macromol. Rapid Commun. 2009, 30, 717-731. 
 (124) Hwang, J.; Wan, A.; Kahn, A. Mater. Sci. Eng., R 2009, 64, 1-31. 
 (125) Chen, W.; Qi, D.; Gao, X.; Wee, A. T. S. Prog. Surf. Sci. 2009, 84, 279-321. 
 (126) Koch, N. J. Phys. Condens. Matter 2008, 20, 184008. 
 (127) Forrest, S. R. Chem. Rev. 1997, 97, 1793-1896. 
 (128) Chen, W.; Qi, D. C.; Huang, Y. L.; Huang, H.; Wang, Y. Z.; Chen, S.; Gao, X. 
Y.; Wee, A. T. S. J. Phys. Chem. C 2009, 113, 12832-12839. 
 (129) Yim, S.; Heutz, S.; Jones, T. S. Phys. Rev. B: Condens. Matter 2003, 67, 
165308. 
 (130) Heutz, S.; Cloots, R.; Jones, T. S. Appl. Phys. Lett. 2000, 77, 3938-3940. 
 (131) Chen, L.; Chen, W.; Huang, H.; Zhang, H. L.; Yuhara, J.; Wee, A. T. S. Adv. 
Mater. 2008, 20, 484-488. 
133 
 
 (132) Chen, W.; Zhang, H.; Huang, H.; Chen, L.; Wee, A. T. S. ACS Nano 2008, 2, 
693-698. 
 (133) Wallart, X.; Henry de Villeneuve, C.; Allongue, P. J. Am. Chem. Soc. 2005, 
127, 7871-7878. 
 (134) Geng, S.; Zhang, S.; Onishi, H. Mater. Sci. Forum 2003, 437-438, 195-198. 
 (135) Joong Kim, K.; Park, K. T.; Lee, J. W. Thin Solid Films 2006, 500, 356-359. 
 (136) Grosvenor, A. P.; Kobe, B. A.; Biesinger, M. C.; McIntyre, N. S. Surf. 
Interface Anal. 2004, 36, 1564-1574. 
 (137) Mao, H. Y.; Wang, R.; Zhong, J. Q.; Zhong, S.; Lin, J. D.; Wang, X. Z.; Chen, 
Z. K.; Chen, W. J. Mater. Chem. C 2013, 1, 1491-1499. 
 (138) Mao, H. Y.; Wang, R.; Huang, H.; Wang, Y. Z.; Gao, X. Y.; Bao, S. N.; Wee, A. 
T. S.; Chen, W. J. Appl. Phys. 2010, 108, 053706. 
 (139) Yu, X. J.; Wilhelmi, O.; Moser, H. O.; Vidyaraj, S. V.; Gao, X. Y.; Wee, A. T. S.; 
Nyunt, T.; Qian, H. J.; Zheng, H. W. J. Electron. Spectrosc. Relat. Phenom. 2005, 144, 
1031-1034. 
 (140) Stöhr, J. NEXAFS spectroscopy; Springer-Verlag: Berlin 1992; Vol. 25. 
 (141) Cho, S. W.; Piper, L. F. J.; DeMasi, A.; Preston, A. R. H.; Smith, K. E.; 
Chauhan, K. V.; Sullivan, P.; Hatton, R. A.; Jones, T. S. J. Phys. Chem. C 2010, 114, 
1928-1933. 
 (142) Qi, D. C.; Sun, J. T.; Gao, X. Y.; Wang, L.; Chen, S.; Loh, K. P.; Wee, A. T. S. 
Langmuir 2010, 26, 165-172. 
 (143) Hahner, G. Chem. Soc. Rev. 2006, 35, 1244-1255. 
 (144) Giessibl, F. J. Rev. Mod. Phys. 2003, 75, 949-983. 
 (145) http://en.wikipedia.org/wiki/Atomic_force_microscopy. 
 (146) Zhong, Q.; Inniss, D.; Kjoller, K.; Elings, V. B. Surf. Sci. 1993, 290, 
L688-L692. 
 (147) Ejima, H.; Richardson, J. J.; Liang, K.; Best, J. P.; van Koeverden, M. P.; Such, 
G. K.; Cui, J.; Caruso, F. Science 2013, 341, 154-157. 
 (148) Binnig, G.; Quate, C. F.; Gerber, C. Phys. Rev. Lett. 1986, 56, 930-933. 
 (149) Hains, A. W.; Liang, Z. Q.; Woodhouse, M. A.; Gregg, B. A. Chem. Rev. 2010, 
110, 6689-6735. 
 (150) Kotani, A.; Shin, S. Rev. Mod. Phys. 2001, 73, 203-246. 
 (151) Laera, S.; Ceccone, G.; Rossi, F.; Gilliland, D.; Hussain, R.; Siligardi, G.; 
Calzolai, L. Nano Lett. 2011, 11, 4480-4484. 
 (152) Veder, J.-P.; Patel, K.; Clarke, G.; Grygolowicz-Pawlak, E.; Silvester, D. S.; De 
Marco, R.; Pretsch, E.; Bakker, E. Anal. Chem. 2010, 82, 6203-6207. 
 (153) Beale, A. M.; Jacques, S. D. M.; Weckhuysen, B. M. Chem. Soc. Rev. 2010, 39, 
4656-4672. 
 (154) Sun, D.; Gang, O. J. Am. Chem. Soc. 2011, 133, 5252-5254. 
 (155) Peumans, P.; Uchida, S.; Forrest, S. R. Nature 2003, 425, 158-162. 
 (156) Forrest, S. R. MRS Bull. 2005, 30, 28-32. 
 (157) Yang, F.; Shtein, M.; Forrest, S. R. Nat. Mater. 2005, 4, 37-41. 
 (158) Peumans, P.; Yakimov, A.; Forrest, S. R. J. Appl. Phys. 2003, 93, 3693. 




 (160) Wen, Y. G.; Liu, Y. Q. Adv. Mater. 2010, 22, 1331-1345. 
 (161) Wang, J.; Wang, H. B.; Yan, X. J.; Huang, H. C.; Yan, D. H. Appl. Phys. Lett. 
2005, 87, 093507. 
 (162) Wang, J.; Wang, H. B.; Yan, X. J.; Huang, H. C.; Jin, D.; Shi, J. W.; Tang, Y. H.; 
Yan, D. H. Adv. Funct. Mater. 2006, 16, 824-830. 
 (163) Vázquez, H.; Flores, F.; Kahn, A. Org. Electron. 2007, 8, 241-248. 
 (164) Osikowicz, W.; de Jong, M. P.; Salaneck, W. R. Adv. Mater. 2007, 19, 
4213-4217. 
 (165) Braun, S.; Liu, X.; Salaneck, W. R.; Fahlman, M. Org. Electron. 2010, 11, 
212-217. 
 (166) Wang, W. N.; Placencia, D.; Armstrong, N. R. Org. Electron. 2011, 12, 
383-393. 
 (167) Beaumont, N.; Hancox, I.; Sullivan, P.; Hatton, R. A.; Jones, T. S. Energy 
Environ. Sci. 2011, 4, 1708-1711. 
 (168) Bailey-Salzman, R. F.; Rand, B. P.; Forrest, S. R. Appl. Phys. Lett. 2007, 91, 
013508. 
 (169) Kera, S.; Yamane, H.; Honda, H.; Fukagawa, H.; Okudaira, K. K.; Ueno, N. 
Surf. Sci. 2004, 566, 571-578. 
 (170) Schuster, B.-E.; Basova, T. V.; Peisert, H.; Chassé, T. ChemPhysChem 2009, 
10, 1874-1881. 
 (171) Mao, H. Y.; Wang, R.; Wang, Y.; Niu, T. C.; Zhong, J. Q.; Huang, M. Y.; Qi, D. 
C.; Loh, K. P.; Wee, A. T. S.; Chen, W. Appl. Phys. Lett. 2011, 99, 093301. 
 (172) Huang, H.; Chen, W.; Chen, S.; Qi, D. C.; Gao, X. Y.; Wee, A. T. S. Appl. Phys. 
Lett. 2009, 94, 163304. 
 (173) Chen, W.; Huang, L.; Qiao, X.; Yang, J.; Yu, B.; Yan, D. Org. Electron. 2012, 
13, 1086-1091. 
 (174) Rahimi, R.; Roberts, A.; Narang, V.; Korakakis, D. Appl. Phys. Lett. 2013, 102, 
073105. 
 (175) Yu, B.; Huang, L.; Wang, H.; Yan, D. Adv. Mater. 2010, 22, 1017-1020. 
 (176) Lee, H.; Park, S.; Lee, J.; Lee, Y.; Shin, D.; Jeong, K.; Yi, Y. Appl. Phys. Lett. 
2013, 102, 033302. 
 (177) Zhao, W.; Kahn, A. J. Appl. Phys. 2009, 105, 123711. 
 (178) Espinosa, N.; Garcia-Valverde, R.; Urbina, A.; Krebs, F. C. Sol. Energy Mater. 
Sol. Cells 2011, 95, 1293-1302. 
 (179) Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A. C. Nat. Photonics 2010, 4, 
611-622. 
 (180) Pang, S. P.; Tsao, H. N.; Feng, X. L.; Mullen, K. Adv. Mater. 2009, 21, 
3488-3491. 
 (181) Liu, W.; Jackson, B. L.; Zhu, J.; Miao, C. Q.; Chung, C. H.; Park, Y. J.; Sun, K.; 
Woo, J.; Xie, Y. H. ACS Nano 2010, 4, 3927-3932. 
 (182) Kim, K. S.; Zhao, Y.; Jang, H.; Lee, S. Y.; Kim, J. M.; Ahn, J. H.; Kim, P.; 
Choi, J. Y.; Hong, B. H. Nature 2009, 457, 706-710. 
 (183) Lee, W. H.; Park, J.; Sim, S. H.; Jo, S. B.; Kim, K. S.; Hong, B. H.; Cho, K. 
135 
 
Adv. Mater. 2011, 23, 1752-1756. 
 (184) Wang, X.; Zhi, L. J.; Mullen, K. Nano Lett. 2008, 8, 323-327. 
 (185) Wan, X.; Long, G.; Huang, L.; Chen, Y. Adv. Mater. 2011, 23, 5342-5358. 
 (186) Wu, J. B.; Becerril, H. A.; Bao, Z. N.; Liu, Z. F.; Chen, Y. S.; Peumans, P. Appl. 
Phys. Lett. 2008, 92, 263302. 
 (187) Liu, Z. F.; Liu, Q.; Huang, Y.; Ma, Y. F.; Yin, S. G.; Zhang, X. Y.; Sun, W.; 
Chen, Y. S. Adv. Mater. 2008, 20, 3924-3930. 
 (188) Li, Y.; Hu, Y.; Zhao, Y.; Shi, G. Q.; Deng, L. E.; Hou, Y. B.; Qu, L. T. Adv. 
Mater. 2011, 23, 776-780. 
 (189) Wu, J. B.; Agrawal, M.; Becerril, H. A.; Bao, Z. N.; Liu, Z. F.; Chen, Y. S.; 
Peumans, P. ACS Nano 2010, 4, 43-48. 
 (190) Chang, H. X.; Wang, G. F.; Yang, A.; Tao, X. M.; Liu, X. Q.; Shen, Y. D.; 
Zheng, Z. J. Adv. Funct. Mater. 2010, 20, 2893-2902. 
 (191) Di, C. A.; Wei, D. C.; Yu, G.; Liu, Y. Q.; Guo, Y. L.; Zhu, D. B. Adv. Mater. 
2008, 20, 3289-3293. 
 (192) Lee, W. H.; Park, J.; Sim, S. H.; Lim, S.; Kim, K. S.; Hong, B. H.; Cho, K. J. 
Am. Chem. Soc. 2011, 133, 4447-4454. 
 (193) Chen, C. P.; Chen, Y. D.; Chuang, S. C. Adv. Mater. 2011, 23, 3859-3863. 
 (194) Xie, L. F.; Wang, X.; Mao, H. Y.; Wang, R.; Ding, M. Z.; Wang, Y.; Ozyilmaz, 
B.; Loh, K. P.; Wee, A. T. S.; Ariando; Chen, W. Appl. Phys. Lett. 2011, 99, 012112. 
 (195) Meyer, J.; Zilberberg, K.; Riedl, T.; Kahn, A. J. Appl. Phys. 2011, 110, 033710. 
 (196) Chen, L. M.; Xu, Z.; Hong, Z. R.; Yang, Y. J. Mater. Chem. 2010, 20, 
10947-10947. 
 (197) Wang, Y.; Chen, X. H.; Zhong, Y. L.; Zhu, F. R.; Loh, K. P. Appl. Phys. Lett. 
2009, 95, 063302. 
 (198) Hau, S. K.; Yip, H. L.; Ma, H.; Jen, A. K. Y. Appl. Phys. Lett. 2008, 93, 
233304. 
 (199) Hau, S. K.; Yip, H. L.; Jen, A. K. Y. Polym. Rev. 2010, 50, 474-510. 
 (200) Zhang, F. J.; Xu, X. W.; Tang, W. H.; Zhang, J.; Zhuo, Z. L.; Wang, J.; Wang, 
J.; Xu, Z.; Wang, Y. S. Sol. Energy Mater. Sol. Cells 2011, 95, 1785-1799. 
 (201) Yang, J. L.; Schumann, S.; Hatton, R. A.; Jones, T. S. Org. Electron. 2010, 11, 
1399-1402. 
 (202) Wei, D.; Wu, B.; Guo, Y.; Yu, G.; Liu, Y. Acc. Chem. Res. 2012, 46, 106-115. 
 (203) Reina, A.; Jia, X.; Ho, J.; Nezich, D.; Son, H.; Bulovic, V.; Dresselhaus, M. S.; 
Kong, J. Nano Lett. 2008, 9, 30-35. 
 (204) Li, X.; Zhu, Y.; Cai, W.; Borysiak, M.; Han, B.; Chen, D.; Piner, R. D.; 
Colombo, L.; Ruoff, R. S. Nano Lett. 2009, 9, 4359-4363. 
 (205) Ogawa, Y.; Hu, B.; Orofeo, C. M.; Tsuji, M.; Ikeda, K.-i.; Mizuno, S.; Hibino, 
H.; Ago, H. J. Phys. Chem. Lett. 2011, 3, 219-226. 
 (206) Chen, W.; Chen, S.; Huang, H.; Qi, D. C.; Gao, X. Y.; Wee, A. T. S. Appl. Phys. 
Lett. 2008, 92, 063308. 
 (207) Fukagawa, H.; Kera, S.; Kataoka, T.; Hosoumi, S.; Watanabe, Y.; Kudo, K.; 
Ueno, N. Adv. Mater. 2007, 19, 665-668. 
 (208) Zahn, D. R. T.; Gavrila, G. N.; Gorgoi, M. Chem. Phys. 2006, 325, 99-112. 
136 
 
 (209) Mao, H. Y.; Bussolotti, F.; Qi, D. C.; Wang, R.; Kera, S.; Ueno, N.; Wee, A. T. 
S.; Chen, W. Org. Electron. 2011, 12, 534-540. 
 (210) Zhu, F.; Wang, H. B.; Song, D.; Lou, K.; Yan, D. H. Appl. Phys. Lett. 2008, 93, 
103308. 
 (211) Chen, W.; Chen, S.; Huang, Y. L.; Huang, H.; Qi, D. C.; Gao, X. Y.; Ma, J.; 
Wee, A. T. S. J. Appl. Phys. 2009, 106, 064910. 
 (212) Lau, K. M.; Tang, J. X.; Sun, H. Y.; Lee, C. S.; Lee, S. T.; Yan, D. H. Appl. 
Phys. Lett. 2006, 88, 173513. 
 (213) Zhu, F.; Yang, J. B.; Song, D.; Li, C. H.; Yan, D. H. Appl. Phys. Lett. 2009, 94, 
143305. 
 (214) Yan, X. J.; Wang, J.; Wang, H. B.; Wang, H.; Yan, D. H. Appl. Phys. Lett. 2006, 
89, 053510. 
 (215) Wang, J.; Wang, H.; Yan, X.; Huang, H.; Yan, D. Appl. Phys. Lett. 2005, 87, 
093507. 
 (216) Opitz, A.; Ecker, B.; Wagner, J.; Hinderhofer, A.; Schreiber, F.; Manara, J.; 
Pflaum, J.; Brütting, W. Org. Electron. 2009, 10, 1259-1267. 
 (217) Opitz, A.; Wagner, J.; Brutting, W.; Salzmann, I.; Koch, N.; Manara, J.; Pflaum, 
J.; Hinderhofer, A.; Schreiber, F. IEEE J. Sel. Top. Quantum Electron. 2010, 16, 
1707-1717. 
 (218) Lai, S. L.; Chan, M. Y.; Fung, M. K.; Lee, C. S.; Lee, S. T. J. Appl. Phys. 2007, 
101, 014509. 
 (219) Yu, B.; Zhu, F.; Wang, H. B.; Li, G.; Yan, D. H. J. Appl. Phys. 2008, 104, 
114503. 
 (220) Chen, C.-P.; Chen, Y.-D.; Chuang, S.-C. Adv. Mater. 2011, 23, 3859-3863. 
 (221) Small, C. E.; Chen, S.; Subbiah, J.; Amb, C. M.; Tsang, S.-W.; Lai, T.-H.; 
Reynolds, J. R.; So, F. Nat. Photonics 2012, 6, 115-120. 
 (222) Yuan, Y.; Reece, T. J.; Sharma, P.; Poddar, S.; Ducharme, S.; Gruverman, A.; 
Yang, Y.; Huang, J. Nat. Mater. 2011, 10, 296-302. 
 (223) Wagenpfahl, A.; Rauh, D.; Binder, M.; Deibel, C.; Dyakonov, V. Phys. Rev. B: 
Condens. Matter 2010, 82, 115306. 
 (224) Chen, Y.; Jiang, Z.; Gao, M.; Watkins, S. E.; Lu, P.; Wang, H.; Chen, X. Appl. 
Phys. Lett. 2012, 100, 203304. 
 (225) Zhu, Y.; Xu, X.; Zhang, L.; Chen, J.; Cao, Y. Sol. Energy Mater. Sol. Cells 
2012, 97, 83-88. 
 (226) Na, S.-I.; Kim, T.-S.; Oh, S.-H.; Kim, J.; Kim, S.-S.; Kim, D.-Y. Appl. Phys. 
Lett. 2010, 97, 223305. 
 (227) Duan, C.; Zhong, C.; Liu, C.; Huang, F.; Cao, Y. Chem. Mater. 2012, 24, 
1682-1689. 
 (228) Jin, Y.; Bazan, G. C.; Heeger, A. J.; Kim, J. Y.; Lee, K. Appl. Phys. Lett. 2008, 
93, 123304. 
 (229) Huang, F.; Wu, H.; Cao, Y. Chem. Soc. Rev. 2010, 39, 2500-2521. 
 (230) Zhou, Y.; Li, F.; Barrau, S.; Tian, W.; Inganäs, O.; Zhang, F. Sol. Energy Mater. 
Sol. Cells 2009, 93, 497-500. 
 (231) Zhang, F.; Ceder, M.; Inganäs, O. Adv. Mater. 2007, 19, 1835-1838. 
137 
 
 (232) Zhou, Y.; Fuentes-Hernandez, C.; Shim, J.; Meyer, J.; Giordano, A. J.; Li, H.; 
Winget, P.; Papadopoulos, T.; Cheun, H.; Kim, J.; Fenoll, M.; Dindar, A.; Haske, W.; 
Najafabadi, E.; Khan, T. M.; Sojoudi, H.; Barlow, S.; Graham, S.; Brédas, J.-L.; Marder, S. 
R.; Kahn, A.; Kippelen, B. Science 2012, 336, 327-332. 
 (233) Na, S.-I.; Oh, S.-H.; Kim, S.-S.; Kim, D.-Y. Org. Electron. 2009, 10, 496-500. 
 (234) He, Z.; Zhong, C.; Su, S.; Xu, M.; Wu, H.; Cao, Y. Nat. Photonics 2012, 6, 
593-597. 
 (235) He, Z.; Zhong, C.; Huang, X.; Wong, W.-Y.; Wu, H.; Chen, L.; Su, S.; Cao, Y. 
Adv. Mater. 2011, 23, 4636-4643. 
 (236) Zhong, J. Q.; Mao, H. Y.; Wang, R.; Lin, J. D.; Zhao, Y. B.; Zhang, J. L.; Ma, 
D. G.; Chen, W. Org. Electron. 2012, 13, 2793-2800. 
 (237) Zhong, J. Q.; Mao, H. Y.; Wang, R.; Qi, D. C.; Cao, L.; Wang, Y. Z.; Chen, W. 
J. Phys. Chem. C 2011, 115, 23922-23928. 
 (238) Tao, C.; Ruan, S. P.; Zhang, X. D.; Xie, G. H.; Shen, L.; Kong, X. Z.; Dong, 
W.; Liu, C. X.; Chen, W. Y. Appl. Phys. Lett. 2008, 93, 193307. 
 (239) Brenier, R.; Mugnier, J.; Mirica, E. Appl. Surf. Sci. 1999, 143, 85-91. 
 (240) Sun, L.; He, H.; Hu, L.; Ye, Z. Phys. Chem. Chem. Phys. 2013, 15, 1369-1373. 
 (241) Lof, R. W.; Vanveenendaal, M. A.; Koopmans, B.; Jonkman, H. T.; Sawatzky, 
G. A. Phys. Rev. Lett. 1992, 68, 3924-3927. 
 (242) Schueppel, R.; Schmidt, K.; Uhrich, C.; Schulze, K.; Wynands, D.; Brédas, J. 
L.; Brier, E.; Reinold, E.; Bu, H. B.; Baeuerle, P.; Maennig, B.; Pfeiffer, M.; Leo, K. Phys. 
Rev. B: Condens. Matter 2008, 77, 085311. 
 (243) Huang, F.; Hou, L.; Wu, H.; Wang, X.; Shen, H.; Cao, W.; Yang, W.; Cao, Y. J. 
Am. Chem. Soc. 2004, 126, 9845-9853. 
 (244) Ratcliff, E. L.; Meyer, J.; Steirer, K. X.; Armstrong, N. R.; Olson, D.; Kahn, A. 
Org. Electron. 2012, 13, 744-749. 
 (245) Huang, J.; Yin, Z.; Zheng, Q. Energy Environ. Sci. 2011, 4, 3861-3877. 
 (246) Ka, Y.; Lee, E.; Park, S. Y.; Seo, J.; Kwon, D. G.; Lee, H. H.; Park, Y.; Kim, Y. 
S.; Kim, C. Org. Electron. 2013, 14, 100-104. 
 (247) Écija, D.; Otero, R.; Sánchez, L.; Gallego, J. M.; Wang, Y.; Alcamí, M.; Martín, 
F.; Martín, N.; Miranda, R. Angew. Chem. Int. Ed. 2007, 119, 8020-8023. 
 (248) Akaike, K.; Kanai, K.; Ouchi, Y.; Seki, K. Appl. Phys. Lett. 2009, 95, 113306. 
 (249) Xu, Z.; Chen, L.-M.; Chen, M.-H.; Li, G.; Yang, Y. Appl. Phys. Lett. 2009, 95, 
013301. 
 (250) Bao, Q.; Liu, X.; Braun, S.; Fahlman, M. Adv. Energy Mater. 2013, DOI: 
10.1002/aenm.201301272. 
 (251) Chen, Y.-C.; Yu, C.-Y.; Fan, Y.-L.; Hung, L.-I.; Chen, C.-P.; Ting, C. Chem. 
Commun. 2010, 46, 6503-6505. 
 (252) Guan, Z.-L.; Kim, J. B.; Wang, H.; Jaye, C.; Fischer, D. A.; Loo, Y.-L.; Kahn, 
A. Org. Electron. 2010, 11, 1779-1785. 
 (253) Xia, R.; Leem, D.-S.; Kirchartz, T.; Spencer, S.; Murphy, C.; He, Z.; Wu, H.; 
Su, S.; Cao, Y.; Kim, J. S.; deMello, J. C.; Bradley, D. D. C.; Nelson, J. Adv. Energy 
Mater. 2013, 3, 718-723. 




 (255) Ratcliff, E. L.; Bakus Ii, R. C.; Welch, G. C.; van der Poll, T. S.; Garcia, A.; 
Cowan, S. R.; MacLeod, B. A.; Ginley, D. S.; Bazan, G. C.; Olson, D. C. J. Mater. Chem. 
C 2013, 1, 6223-6234. 
 (256) Nakayama, Y.; Morii, K.; Suzuki, Y.; Machida, H.; Kera, S.; Ueno, N.; 
Kitagawa, H.; Noguchi, Y.; Ishii, H. Adv. Funct. Mater. 2009, 19, 3746-3752. 
 (257) Gwinner, M. C.; Pietro, R. D.; Vaynzof, Y.; Greenberg, K. J.; Ho, P. K. H.; 
Friend, R. H.; Sirringhaus, H. Adv. Funct. Mater. 2011, 21, 1432-1441. 
(258) Wang, D. H.; Park, K. H.; Seo, J. H.; Seifter, J.; Jeon, J. H.; Kim, J. K.; Park, J. 
H.; Park, O. O.; Heeger, A. J. Adv. Energy Mater. 2011, 1, 766-770. 
 (259) Alem, S.; Chu, T.-Y.; Tse, S. C.; Wakim, S.; Lu, J.; Movileanu, R.; Tao, Y.; 
Bélanger, F.; Désilets, D.; Beaupré, S.; Leclerc, M.; Rodman, S.; Waller, D.; Gaudiana, R. 
Org. Electron. 2011, 12, 1788-1793. 
 (260) Zhou, H.; Zhang, Y.; Seifter, J.; Collins, S. D.; Luo, C.; Bazan, G. C.; Nguyen, 
T.-Q.; Heeger, A. J. Adv. Mater. 2013, 25, 1646-1652. 
 (261) Liao, S.-H.; Jhuo, H.-J.; Cheng, Y.-S.; Chen, S.-A. Adv. Mater. 2013, 25, 
4766-4771. 
 (262) Lou, S. J.; Szarko, J. M.; Xu, T.; Yu, L.; Marks, T. J.; Chen, L. X. J. Am. Chem. 
Soc. 2011, 133, 20661-20663. 
 (263)  Zhang, F.; Di, C.-a.; Berdunov, N.; Hu, Y.; Hu, Y.; Gao, X.; Meng, Q.; 
Sirringhaus, H.; Zhu, D. Adv. Mater. 2013, 25, 1401-1407. 
 
